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ABSTRACT 
Polysaccharides are complex biopolymers that play essential roles in the biological 
systems including energy storage, structural support, lubrication, and signal transduction. 
Despite their importance, the synthesis of polysaccharides has proven to be very 
challenging due to the presence of multiple hydroxyl groups and difficulty in controlling 
the stereochemical outcome of glycosylation reactions. As a conventional chemical 
method to synthesize polysaccharides, ring-opening polymerization of anhydrosugars 
enables the synthesis of stereoregular α-(16)-linked polysaccharides, but is less 
effective in preparing polysaccharides with other linkages. Enzymatic polymerizations 
have also been explored, however, these methods typically require expensive monomers, 
and suffer from a narrow scope of enzymes and small scale of reactions. 
The limited approaches to polysaccharides have inspired chemists to synthesize 
polysaccharide mimetics with achiral linkages that can be constructed efficiently. Poly-
amido-saccharides (PASs) are a new type of saccharide polymers in which the O-
glycosidic linkages in natural polysaccharides are replaced with (12)-amide linkages. 
 
 ix 
With saccharide moieties inter-connected by amide bonds, PASs exhibit characteristics of 
both polysaccharides and polypeptides, such as possessing pyranose-backbones and lots 
of hydroxyl groups, and adopting a left-handed helical conformation. However, due to 
lack of sufficient terminal saccharide residues, previously synthesized glucose and 
galactose PASs display weak interactions with carbohydrate binding lectins and 
receptors, limiting their applications in biomedical and pharmaceutical fields. 
Herein, the design and synthesis of PASs with novel structures and properties is 
described. By pre-installing the stereochemistry in the monomer, Altrose PASs (Alt-
PASs) with -(12)-amide linkages are prepared via ring-opening polymerization of an 
altrose-based -lactam followed by debenzylation. Circular dichroism indicates that Alt-
PASs adopt a right-handed helical conformation in aqueous solution. Via the 
polymerization of disaccharide-based -lactams, two PASs with either 4-O--D-glucose 
branches (Mal-PASs) or 6-O--D-glucose branches (Gen-PASs) are obtained. Biological 
studies reveal that Mal-PASs are multivalent ligands to lectin Concanavalin A, while 
Gen-PASs activate RAW 264.7 macrophage cells by enhancing the secretion of TNF- 
and NO. The anionic ring-opening polymerization of sugar-based -lactams is a useful 
method to synthesize well-defined polysaccharide mimetics, and this method expands the 
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CHAPTER 1. Chemical Synthesis of Polysaccharides and Polysaccharide Mimetics 
1.1 Introduction 
Polysaccharides, along with nucleic acids and proteins, are one of three classes of 
biopolymers that exist ubiquitously in nature, and play many critical roles in the biology 
of living systems including energy storage, structural support, lubrication, and cell signal 
transduction.1 However, progress in polysaccharide research lags significantly behind 
that of proteins and nucleic acids in terms of synthesizing and manipulating these 
biopolymers due to structural complexity and functional diversity.2-3 Compared to 
proteins and nucleic acids whose primary structures are simply defined by types and 
consequences of monomers (amino acids and nucleotides correspondingly), the primary 
structures of polysaccharides vary in composition, sequence, regio- and stereo-types of 
linkages, branching, and molecular weight.4 
       
Structurally, polysaccharides are condensation polymers in which monosaccharide 
units are joined together by O-glycosidic linkages (Figure 1.1). The O-glycosidic linkage 
 
Figure 1.1 Primary structures of nucleic acids, proteins, and polysaccharides 




is formed by the condensation or dehydration reaction of the hemiacetal hydroxyl group 
of one sugar (glycosyl donor) and a hydroxyl group of another sugar unit (glycosyl 
acceptor).5 In contrast to nucleic acids and proteins where monomers are joined together 
by a specific type of linkage (phosphodiester bond and peptide bond correspondingly), 
whose formation does not involve a stereocenter, a variety of stereo- and regio-types of 
glycosidic linkages exist between monosaccharide residues, including -(12)-, -
(13)-, -(14)-, -(16)-, -(12)-, -(13)-, -(14)-, and -(16)-linkage 
(Figure 1.2).5-6 Due to the presence of multiple hydroxyl groups, one residue of a 
glycosyl acceptor may connect to more than one glycosyl donor through different O-
glycosidic linkages. Consequently, polysaccharides may be linear or branched, and the 
branches of 
 
various structures can occur at different positions of sugar units on the polysaccharide 
backbones with different branching densities.7 Unlike proteins, polysaccharides generally 
 




exist as polydispersed polymers without defined molecular weights. The degree of 
polymerization (DP) usually varies from a hundred to a few hundred thousands.8 The 
polydispersity of polysaccharides results from the fact that biosynthetic production is not 
under strict and direct genetic control: there is no template for the synthesis of 
polysaccharides. Instead, the program for polysaccharide synthesis is intrinsic to various 
enzymes (glycosidases and glycosyltransferases) that catalyze the polymerization of 
sugar units, and there is no specific stopping point in the synthetic process.8-9            
Permutations in these structural parameters consequently lead to an almost limitless array 
of polysaccharide chemical structures and compositions.4 Sometimes a subtle variation in 
the monosaccharide unit, glycosidic linkage, or branching affords a dramatic change in 
polysaccharide structure, property, and/or function.9 For example, both amylose and 
cellulose are natural homopolysaccharides consisting of (14)-linked glucose as 
repeating units, and the only difference in their primary structures lies in the 
strereochemistry of the glycosidic linkages: -and - for amylase and cellulose, 
respectively. This small difference in glycosidic linkage configuration affords completely 
different functions: amylose serves to store the chemical energy obtained from the 
process of photosynthesis, and cellulose acts as the structural materials of plants.9-11  
Owing to structural complexity and polydispersity of polysaccharides, it is 
challenging to understand the role they play in biological processes and elucidate the 
mechanism underneath their function at the chemical level, even though a large number 
of analytical techniques have been developed.12-13 The majority of  polysaccharide 




challenges including lack of plentiful and reliable sources 14, difficulties in extraction and 
purification,15 and batch-to-batch variation in terms of composition, branching and 
molecular weights.16 Therefore, the chemical synthesis of polysaccharides and 
polysaccharide mimetics with well-defined compositon, controlled molecular weight, and 
narrow polydispersity is of significant importance because it: 1) enables establishment of 
composition-structure-propertry-function relationships; 2) catalyzes development of new 
polymerization methodologies; and, 3) provides novel materials for biochemical and 
biomedical applications.17-18      
The chemical synthesis of polysaccharides has been a goal of chemists for over half a 
century. Generally, three strategies are used to synthesize polysaccharides: 1) step-wise 
glycosylation;19 2) condensation polymerization;20-24 and 3) ring-opening 
polymerization.25-27 However, in contrast to nucleic acids and proteins, whose synthesis 
can be readily achieved using commercial automated synthesizers, the facile chemical 
synthesis of polysaccharides with well-defined structures remains an unsolved 
challenge.28 The main reasons lie in the difficulties in controlling the regioselectivity of 
multiple hydroxyl groups with similar reactivity,29 controlling the stereochemistry of the 
glycosidic linkages,29 and obtaining high molecular weight polysaccharides.30 
The problem of regiospecificity can be overcome by temporary regioselective 
protection of the hydroxyls that do not participate in the glycosidic bond formation. 
Although this approach is readily accomplished with monosaccharide monomers, it is 
still challenging and time-consuming for disaccharide, trisaccharide, or oligosaccharide 




because they must be stable during the polymerization reaction and removable under mild 
conditions without affecting the newly formed glycosidic bond.29 The stereoelectronic 
effect and steric hindrance of the protecting groups, especially those on the C2 position, 
should also be taken into consideration, as these factors affect the reactivity of the 
monomers and the stereochemical outcome of glycosidic bond formation.31-32 
The problem of stereospecificity in polysaccharide synthesis is even more challenging 
to address, as it requires absolute control of the stereochemistry of glycosylation reaction. 
The main reason for this problem results from the difficulties in achieving pure SN2 
reactions at the anomeric center.33 In fact, the loss of stereospecificity during formation 
of the polysaccharide chain is a main obstacle that hinders progress.34 Numerous methods 
have been applied to construct the glycosidic linkages in polysaccharides including: the 
Koenigs-Knorr reaction and its modifications,35 the orthoester method,36-37 the 
thioglycosides glycosylation,38 the O-trichloroacetimidate method,39 the trityl-
cyanothylidene condensation,23 and so on. However, complete stereochemical control of 
glycosidic bond formation remains elusive.  
The synthesis of high molecular weight polymers continues to be a hurdle. Most of 
the methods mentioned above, as well as those described throughout the review, yield 
polysaccharides with limited molecular weights (typcially <10,000 g/mol). Therefore, 
there is a need for the development of efficient and versatile polymerization methods that 
ensure high molecular weights and absolute stereospecificity, and applicable to various 




Despite these ongoing challenges, significant progress has been made for the 
chemical synthesis of natural and unnatural polysaccharides via, for example, the 
polycondensation of tritylated sugar cyanoethylidene derivatives and ring-opening 
polymerization of anhydrosugars. The former method is used to synthesize stereoregular 
homopolysaccharides, and regular heteropolysaccharides from oligosaccharide 
monomers;23 whereas the latter method enables the synthesis of high molecular weight 
(16)-glycopyranans and (15)-glycofuranans, as well as random 
heteropolysaccharides.27 
The difficulty in constructing O-glycosidic linked polysaccharides has also spurred 
the development of polysaccharide mimetics with other linkages.41-43 With sugar residues 
alternatively spaced by artificial linkages, these polysaccharide mimetics are expected to 
exhibit interesting characteristics of both polysaccharides and synthetic polymers.44 
Investigation of these polymers provides useful information on understanding the 
structure and properties of natural polysaccharides, such as hydrogen-bonding,45 tertiary 
structure, stability towards proteolytic cleavage,46 carbohydrate-lectin recognition,47 etc. 
Moreover, constructed from readily available and renewable sugar monomers, these 
materials are viewed as biocompatible and biodegradable alternatives to petroleum-based 
polymers with potentially uses in the biomedical and consumer products industries.48 
1.2 Chemical synthesis of linear polysaccharides 
In a chemical glycosylation reaction, the O-glycosidic bond is formed by nucleophilic 
displacement of the anomeric leaving group (LG) of the glycosyl donor by a hydroxyl 




1.3). Complete stereochemical control is achieved if the nucleophilic substitution occurs 
purely in a SN2 pathway with the inversion of the anomeric configuration 
21. However, 
due to the existence of the neighboring ring oxygen atom, the substitution reaction occurs 
more frequently in a SN1 pathway via a flattened oxocarbenium cation intermediate, 
which allows an attack by the nucleophile from both sides of the pyranose ring, giving 
rise to both - and -configuration products.49-50 Fortunately, through careful selection of 
the LG, catalyst, protecting group, and optimization of reaction conditions (solvent, 
temperature, and reaction time), the reaction can proceed through the SN2 pathway at the 
C1 of the monomer or its stabilized intermediate, and produce stereoregular 
polysaccharides.49 Among these, the most successful examples are polycondensation of 
tritylated sugar cyanoethylidene derivatives and cationic ring-opening polymerization of 
anhydrosugars. In this section, the chemical synthesis of linear polysaccharides by 
condensation polymerization and ring-opening polymerization will be reviewed 
respectively.   
 
1.2.1 Polycondensation 
When a sugar molecule contains both an anomeric leaving group and an unprotected 
hydroxyl group, it can act as both a glycosyl donor and acceptor. Ideally, this bifunctional 
 




monomer undergoes a self-condensation reaction to generate linear polysaccharides 
under appropriate conditions (catalyst, solvent, etc.).  
1.2.1.1 Polycondensation of monocyclic sugar monomers 
The first attempt to synthesize a linear polysaccharide was reported by Haq and 
Whelan in 1956.51 In order to obtain a (16)-linked glucan, 2,3,4-tri-O-acetyl--D-
glucopyranosyl bromide (1, Figure 1.4) was polycondensed in the presence of silver 
oxide. However, only 
oligosaccharides were obtained in 
low yields. Intramolecular 
condensation of 1 occurred during 
the reaction, giving rise to 1,6-
anhydro-2,3,4-tri-O-acetyl--D-glucose as the major byproduct. The polycondensation of 
sugar bromides was also attempted by Kochetkov and coworkers with 2,3,6,2',3',4'-hexa-
O-acetyl--maltosyl bromide (2) in order to synthesize a regular glucan with alternating 
-(14)- and -(16)-glycosidic linkages.52 The polymerization of monomer 2 in the 
presence of mercury (II) cyanide (Hg(CN)2) gave a polysaccharide with a DP of about 8 
(based on the disaccharide units) in a low yield. The product was not completely regular, 
as the number of -(14)-linkages exceeded the number of -(16)-linkages by 10%, 
presumably due to migration of acetyl groups from the O4 position to the O6 position.                                     
Over the next 30 years, minimal progress was made using this polymerization method. 
Recently, Du et al. synthesized two -(16)-linked polysaccharides by microwave-
assisted polycondensation of monomer 1 and 2,3,4-tri-O-acetyl--D-galactopyranosyl 
 




bromide (3) in the presence of silver carbonate (Fig. 5).53 The polymerization of these 
two monomers gave low conversions and low molecular weight oligosaccharides at room 
temperature or in refluxing benzene for 18 hours. Application of low microwave energy 
irradiation (150W) did not improve the yields or give higher molecular weight polymers. 
However, when the microwave energy was increased to 300 W, the polycondensation 
reactions proceeded completety to afford polysaccharides with a Mn of 4,050 g/mol for 1 
and a Mn of 4,760 g/mol for 3, respectively. The 13C NMR analysis of the deprotected 
polysaccharides revealed the polymers to be linear and consisted of predominantly -
(16)-glycosydic linkages, indicating that the polycondensation proceeded 
stereoselectively. 
 
The polycondensation of glycosyl trichloroacetimidate was also investiagted to 
prepare stereoregular polysaccharides. In 2009, Kawada and coworkers synthesized a 
novel two-faced (14)--glucan (7) by the polycondensation of a disaccharide monomer, 
namely, trichloroacetimidoyl 4-O-(3,6-di-O-benzyl-2-deoxy-2-azido--D-
glucopyranosyl)-3,6-di-O-benzyl-2-deoxy-2-phthalimido--D-glucopyranoside (6, Figure 
 




1.6). 54 The reaction was carried out at -78 C in anhydrous dichloromethane, using boron 
trifluoride diethyl etherate (BF3•Et2O) as the catalyst. Due to the neighboring 
participation of the C2 phthalimido group, the polymerization of monomer 6 proceeded 
in a stereospecific manner, generating (14)-glycosidic linkages with  configuration. 
The product had a low DP (4.5 based on disaccharide unit) and a broad PDI (1.96), as 
determined by gel permeation chromatography (GPC). However, since this is the only 
published example by this method, it is still unclear whether the low molecular weight is 
because of the method itself, or due to the presence of the azido group and phthalimido 
group, which are known to decrease the polymerizability of the corresponding 1,6-
anhydro sugar derivatives.55-56  
 
Although the polycondensation of thioglycoside derivatives suffers from a low degree 
of polymerization,57 high molecular weight products were obtained by polymerization of 
oligosaccharide monomers. In 1999, Sakairi and cowokers synthesized an -(14)-
glucan by the polycondensation of a partially benzylated phenyl 1-thio--maltooctaoside 
having a sole hydroxyl group at the non-reducing end (8), followed by subsequent 
deprotection (Figue 1.7).58  The monomer was prepared from fully acetylated -
cyclodextrin via four step reactions. On activation with methyl triflate (MeOTf) in diethyl 
ether, the polycondensation proceeded through intermolecular glycosidation to give a 
 




benzyl protected polymer with a Mn of 10,000-18,000 g/mol (9). After deprotection of 
the benzyl groups with sodium in liquid ammonia, an amylase-like -(14)-glucan was 
obtained, and the stereoregularity of this water-soluble polysaccharide was confirmed by 
NMR spectroscopy.  
 
Haloetherification of glycals is a useful and straightforward method to construct -
glycosidic linkages, as manipulations at the anomeric center are unnecessary.59 Kuzuhara 
and coworkers applied this method to the polymerization of benzylated cellobials with 
one free hydroxyl group at the C4' or C6' position.60 The haloetherification reaction was 
carried out in dichloromethane in the presence of three equivalents of the iodonium di-
sym-collidine perchlorate complex (I(sym-collidine)2ClO4) under argon atmosphere and 
dark conditions. The polymerization of 3,6,2',3',6'-penta-O-benzyl-cellobial (10) gave an 
iodinated polymer (11) with DP up to 12 based on disaccharide units (Figure 1.8). 
Reductive removal of the iodine atom and subsequent debenzylation afforded a 
polysaccharide alternatively composed of D-glucopyranosyl and 2-deoxy-D-
glycopyranosyl residues. However, NMR studies of the polysaccharide showed that it 
contained two types of -glycosidic bonds, suggesting that the polymerization was 
devoid of stereoselectivity. The polymerization of 3,6,2',3',4'-penta-O-benzyl-cellobial 
 




was less successful, and only gave a stereoirregular polymer with DP up to 6 based on 
disaccharide units. 
 
1.2.1.2 Polycondensation of tritylated sugar cyanoethylidene derivatives 
Compared to the polycondensation of monocyclic sugar derivatives discussed above, 
the polycondensation of bicyclic sugar monomers, which can generate a dioxalenium 
intermediate readily during glycosylation reactions,29,61 is a more promising strategy to 
control the stereochemistry during polysaccharide synthesis. This is because the 
nucleophilic attack at the anomeric center of the dioxalenium intermediate only occurs 
from the opposite direction of the bond broken in the cyclic system.  
Polycondensation of tritylated sugar cyanoethylidene derivatives (CEDs) proved to be 
a successful method for synthesizing polysaccharides with regular structures. In 1975, 
Kochetkov and coworkers successfully polymerized 3,4-di-O-acetyl-1,2-O-
cyanoethylidene-6-O-trityl-
-D-glucopyranose (12) in 
anhydrous dichloromethane 
using tritylium perchlorate 
(Tr+ClO4
-) as the catalyst 
 
 
Figure 1.8 Polymerization of 3,6,2',3',6'-penta-O-benzyl-cellobial 
  




(Figure 1.9).62 The polymerization was terminated by addition of methanol. After 
subsequent deacetylation with sodium methoxide and fractionation on Biogel P-4 and P-
10 columns, a stereoregular -(16)-glucan (13) with a DP of about 15 was obtained in 
10% yield. 
   
The polycondensation of 3,4-di-O-acetyl-1,2-O-cyanoethylidene-6-O-trityl--D-
mannopyranose (14) and 3,4-di-O-acetyl-1,2-O-cyanoethylidene-6-O-trityl--D-
galactopyranose (15, Figure 1.10) were also performed under the standard conditions 
(CH2Cl2, 20 C, 10 mol% of Tr
+ClO4
- and under high vacuum). The polymerization gave 
stereoregular 1,6-glycopyranans in about 40% yields after deacetylation and 
fractionation.63-64 However, the products possessed low degrees of polymerization 
(DP=10 for the -(16)-D-mannan and DP=7 for the -(16)-D-galactan, respectively). 
Attempts to increase the molecular weights by decreasing the catalyst loading to 1 mol% 
or increasing the reaction time were unsuccessful.64    
  




     Glycopyranans with (13)- and (14)-glycosidic linkages were also synthesized by 
this method. However, the polycondensation of CEDs with an O-trityl ether moiety on 
C3 or C4 was more complicated in terms of stereoregularity compared to that of 
monomers with 6-O-trityl ether moiety. The polymerization of 4-O-acetyl-3-O-trityl-1,2-
O-exo-cyanoethylidene--L-rhamnopyranose (16, Figure 1.10) and 3-O-acetyl-4-O-trityl-
1,2-O-exo-cyanoethylidene--L-rhamnopyranose (17) under standard conditions gave 
stereoregular -(13) and -(14)-rhamnans with DP of 20-30.65-66 These 
polysaccharides exhibited low solubility in water. Replacement of the acetyl protection 
group with the benzoyl protection group increased the reactivity of 4-O-trityl-1,2-O-exo-
cyanoethylidene--L-rhamnopyranose (18) and led to a stereoregular -(14)-rhamnan 
with a DP of 40 after deprotection.66 The polycondensation of 3,6-di-O-benzoyl-4-O-
trityl-1,2-exo-cyanethylidene--D-mannopyranose (19) afforded a stereospecific -
(14)-mannan with DP of 13-17.67 
Except the examples mentioned above, the polymerization of 3- or 4-O-tritylated 
CEDs of glucopyranose, galactopyranose, and arabinopyranose proceeded non-
stereoselectively, giving irregular polysaccharides with mixed 1,2-trans and 1,2-cis 
glycosidic linkages.68-70 
Based on the polymerization results and the kinetic study of trityl-cyanoethylidene 
condensation, it was proposed that the polymerization proceeded via a dioxalenium ion 
mechanism to give a stereoregular polysaccharide with 1,2-trans-glycosidic linkages 
(Figure 1.11).71-72 The initiation step involves the electrophilic attack of the tritylium 




complex (20), which dissociates into trityl isocyanide (TrNC, 21) and a bicyclic 
dioxalenium intermediate- the actual glycosyl donor (22). The formation of the nitrilium 
complex is the rate-determining step of the reaction. In the presence of the tritylium 
cation, TrNC rapidly isomerizes to trityl cyanide (TrCN, 23). The O atom of the O-trityl 
group of the next approaching monomer then attacks the anomeric carbon of 22 from the 
backside direction of the dioxalenium ring, leading to the formation of a stereospecific 
1,2-trans-glycosidic linkage (24) and the regeneration of the tritylium cation. During the 
polycondensation, the dioxalenium intermediate formation equilibrium shifts to the right 
by formation of trityl cyanide.   
   
The violation of stereospecificity indicated that an oxocarbenium intermediate (25) 
was also involved during polymerization, allowing nucleophilic attack of the O-trityl 
group of the next monomer from both sides of the pyranose ring (Figure 1.12).73 As no 
direct correlation between the stereoselectivity of glycosylation and the reactivity of trityl 
ethers was found, it was suggested that the equilibrium between the two intermediates 
was attained more rapidly than the subsequent glycosylation.73 Therefore, polymer 
 




stereoregularity is governed by the position of this equilibrium which depends on the 
nature of the glycosyl donor, and also by the ratio between the reaction rates of the trityl 
ether moiety with these two intermediates.           
               
 Heteropolysaccharides were prepared via the polycondensation of tritylated CEDs of 
disaccharides and oligosaccharides. The polymerization of a maltose-derived monomer 
(26, Figure 1.13), followed by deacetylation and fractionation, afforded a stereoregular 
linear polysaccharide containing alternating -(14)- and -(16)- linkages (27) with a 
DP of 10 (based on maltose units) 74. Similarly, the polycondensation of 3-O-acetyl-4-O-
(2',3',4'-tri-O-acetyl-6'-O-trityl--D-glucopyranosyl)-1,2-O-exo-cyanoethylidene--L-
rhamnopyranose (28) gave a stereoregular heteropolysaccharide consisting of alternating 
L-rhamnopyranose and D-glucopyranose units (29, Figure 1.14).75 Purification of the 
 








polysaccharide via column chromatography gave two fractions which were structurally 
identical and differed only in the DP, 30 and 23 based on disaccharide units, respectively. 
           
Complex heteropolysaccharides with biological specificities were also obtained. In 
1981, the Kochetkov group reported the polymerization of the tritylated CED of a 
trisaccharide (30, Figure 1.15), which, after deprotection, gave a stereoregular 
heteropolysaccharide (31) consisting of the same repeating trisaccharide unit with that of 
the  O-Antigenic polysaccharide of Salmonella newington, i.e., (6)--D-Man-(14)--
L-Rha-(13)--D-Gal-(1).71 The polysaccharide had a molecular weight between 
4,000-6,000 g/mol, and was highly active as an inhibitor of passive agglutination, 
 
                                        Figure 1.14. Synthesis of glucarhamnan  
 





comparable to that of the natural O-antigenic polysaccharide. In contrast, its analogue (33) 
containing an -Man-Rha linkage instead of the -Man-Rha linkage, which was 
synthesized from monomer 32, exhibited no activity. 
Chemical synthesis of the O-antigenic polysaccharide of Shigella flexneri (35) was 
achieved in high yield (80%) by the stereospecific polycondensation of a tetrasaccharide 
monomer consisting of a N-phthalimido-D-glucosamine and three rhamnose residues (34, 
Figure 1.16).76 The polysaccharide derivative was deprotected in a single step by 
hydrazinolysis to give a stereospecific heteropolysaccharide with a Mn of 6,000 g/mol, 
corresponding to a DP of 10 based on the tetrasaccharide unit.  
          
 Although the trityl-cyanoethylidene polycondensation method possesses advantages 
over the ring-opening polymerization of anhydrosugars (discussed next) in the synthesis 
of stereoregular complex heteropolysaccharides, this method suffers from low DP and 
yield. Meanwhile, the application of trityl-cyanoethylidene polycondensation is also 
 




limited by the relatively complicated preparation of the monomers and the use of highly 
toxic potassium cyanide as a reagent in this process.77 
1.2.2 Ring-opening polymerization of anhydrosugars 
 The ring-opening polymerization of anhydro sugars is the most widely used method 
for the synthesis of polysaccharides. This method was established by Schuerch in 1966.78-
79 Anhydrosugar derivatives are typically prepared by vacuum pyrolysis of 
polysaccharides or monosaccharides. After protection of the hydroxyl groups, the 
polymerization of these monomers is initiated by a Lewis acid at low temperatures in 
anhydrous solvents under high vacuum. Cationic ring-opening polymerization or 
copolymerization of anhydrosugar derivatives yields stereoregular homopolysaccharides 
or randomly distributed heteropolysaccharides with high molecular weights (up to 
770,000 g/mol). This method also affords branched polysaccharides via polymerization 
of anhydro disaccharide derivatives (see Section 3.0). 
1.2.2.1 Ring-opening polymerization of 1,6-anhydrosugars 
The cationic ring-opening polymerization of 1,6-anhydrosugar derivatives is the most 
thoroughly studied and most successful approach to prepare linear polysaccharides with 
high stereoregularity and high molecular weights. The Schuerch group conducted a 
systematic investigation on the ring-opening polymerization of 1,6-anhydro-
glycopyranose derivatives. In 1966, Ruckel and Schuerch reported, for the first time, a 
chemical method to synthesize unprotected stereoregular -(16)-glucan (38) by the 




glucopyranose (36), followed by debenzylation with sodium in liquid ammonia (Figure 
1.17).78-79 Different Lewis acid catalysts, solvents, and temperatures were examined and 
the best results (highest stereoregularity and molecular weights) were obtained when 
phosphorous pentafluoride (PF5) was used as initiator at low temperatures (-60 to -78 C) 
in anhydrous dichloromethane.78            
                      
 A trialkyloxonium ion mechanism was proposed for the stereospecific ring-opening 
polymerization of 35 at low temperatures (Figure 1.18).78 In the initiation step, PF5 
 
Figure 1.17 The synthesis of stereoregular -(16)-glucan 
 





coordinates with the oxygen of the 1,6-anhydro ring and increases the electrophilicity of 
the C1. Next, the anhydro ring of complex 39 is opened by the SN2 attack at the C1 by 
the anhydro-ring oxygen of another monomer, generating the (16)--glycosidic linkage 
as well as a new trialkyloxonium ion (40) simultaneously. The third step involves the 
formation and migration of a hexafluorophosphate counterion to the propogating 
trialkyloxonium ion. Then the next monomer attacks the newly formed oxonium ion as 
the chain propogates.  
          
 In addition to monomer 36, the cationic ring-opening polymerization of other 1,6-
anhydro-2,3,4-tri-O-benzyl--D-hexopyranoses (Figure 1.19) was also studied. Striking 
differences in the polymerizability of these diastereomers were observed (Table 1.1). 
While the polymerization of 1,6-anhydro-2,3,4-tri-O-benzyl--glucopyranose (36),78-81 –
mannopyranose (43),82 –galactopyranose (44),81-82 and –allopyranose (45)83 yielded the 
corresponding stereoregular (16)--D-hexopyranans of various molecular weights, 1,6-
anhydro-2,3,4-tri-O-benzyl--D-altropyranose (46) exhibited very low reactivity for 
   




homopolymerization and could only be copolymerized with other 1,6-anhydro-D-
hexopyranoses.84 
Table 1.1 Polymerization of 1,6-anhydrosugar derivatives a 




[] d   []D e Conversion 
f Ref 
    36 0.8 777 1800   1.08    +114.3       76.7 80 
    43 0.94 - -   2.88    +58.2       90.5 82 
    44 0.8 214 495   0.70    +104.2       41.6 81 
    45 4 77 178     -    +146.0       33.6 83 
    46 10 - -  0.027    -22.3       12.9 84 
    47 10 20 45     -    +44.9         8 85 
a Reaction solvent: methylene chloride. b Catalyst feed, mol%. c kg/mol. d Determined in 
chloroform at 25C, dl/g. e Determined in chloroform at 25C, . f %. 
 
 Recently, the ring-opening polymerization of 1,6-anhydro-2,3,4-tri-O-benzyl--D-
talopyranose (47) was reported.85 The polymerization, carried out under standard 
conditions (CH2Cl2, -60 C, PF5 as catalyst), afforded a stereoregular polymer with Mn in 
the range of 9,500-19,600 g/mol and with PDIs of 2.4-2.9. The reaction yields were lower 
(10-20%) than the yields reported for polymerization of more reactive monomers, such as 
36, 43 and 44. A large amount of PF5 (10 mol%) was required to initiate the 
polymerization. The 31P NMR studies suggested that the initiator coordinated with not 
only the oxygen of the 1,6-anhydro ring of the monomer but also the ether oxygens of the 
polymer.85 After debenzylation with sodium in liquid ammonia, a water-soluble 
stereoregular (16)--D-talopyranan was obtained.  
 Based on the homopolymerization and copolymerization results, the polymerizability 




decrease in order of Man>Glc>Gal>All>Tal>Alt (Table 1.2).83-87 The main driving force 
for the polymerization comes from the release of steric strain due to the reduction of 1,3-
diaxial interactions during conformational change (1C4 in 1,6-anhydrohexopyranose  
4C1 in polymer).
26,86 However, if the release of 1,3-diaxial interactions were the only 
factor that affects the polymerizability, the order of polymerizability should be 
Glc>Man≈Gal>All>Alt≈Tal 26,85-86. In order to explain the observed difference in 
polymerizability of 1,6-anydrosugar monomers, Kobayshi and Schuerch suggested that 
the conformational change of the propogating oxonium ion also affects the reactivity 86. 
They proposed that the conformational change of the propagating pyranose ring from the 
1C4 to the 
4C1 conformation proceeds via a boat conformation. The conversion of the 
trialkyloxonium ion in the 1C4 conformation to the trialkyloxonium ion in the BO,3 
conformation is the rate-determining step. The size of the energy barrier for this step is 
determined by the number of eclipsed large groups on adjacent carbon atoms, as well as 
Table. 1.2 Polymerization reactivity ratios of 1,6-anhydrohexapyranose derivatives calculated 
using the Kelen-Tüdös method and conformational changes during polymerization 
Monomer r1=rglc    r2 1/r1=k12/k11 
number of 1,3-
interactions in 
    Eclipsed large C1-O+ Ref 
monomer  polymer       substituents 
    54     -     - - 4 0           C1-C2       0 - 
    43  0.95  9.58 1.05 3 0           C2-C3       1 87 
    44  1.41  0.31 0.71 3 0 C1-C2, C3-C4, C4-C5       0 87 
    45  2.69  0.44 0.37 2 1 C1-C2, C2-C3, C3-C4       0    83 
    46  1.52  0.06 0.66 1 1           C3-C4       1 84 
    47  2.03  0.24 0.49 3 1 C2-C3, C3-C4, C4-C5       1 85 
 
whether or not the C2-O bond forms a dipole with the C1-O+ in the reverse sense. More 




reverse sense produces an attractive force to assist the transformation from the 1C4 to the 
4C1 (as in the polymerization of 43).
86 According to this theory, it was predicted that the 
two remaining tribenzylates of 1,6-anhydrogulopyranose (48) and 1,6-
anhydroidopyranose (49) would exhibit no homopolymerizability.26,85 
As the complexation of the Lewis acid catalyst to the ether oxygen atoms competes 
with the initiation step which requires the coordination of the catalyst to the anhydro ring 
oxygen, the configuration patterns of the benzyloxy groups on the C2, C3, and C4 also 
affect the thresholds of catalyst concentration required to initiate polymerization.85 With 
benzyloxy groups at the C2, C3, and C4 on the same side, monomer 45 and 47 coordinate 
with Lewis acid catalyst strongly and require high concentrations of PF5 ( 4 mol % and 
 10 mol% for 45 and 47, respectively) to initiate the polymerization.83,85 In contrast, for 
other 1,6-anhydro-D-hexopyranoses, such as 36, 43, and 44, less than 1 mol% of PF5 is 
sufficient to produce polymers with high molecular weights.80-82 
In addition to the benzyl group, the allyl group was also used as a removable hydroxyl-
protecting group in the polymerization of 1,6-anhydrohexopyranoses.88-89 In 2000, 
Kakuchi et al. reported the cationic ring-opening polymerization of 1,6-anhydro-2,3,4-tri-
O-allyl--D-glucopyranose (50, Figure 1.20) in dichloromethane at 0 C.88 When 
BF3•OEt2 was used as the initiator, a stereoregular 2,3,4-tri-O-allyl-(16)--D-
glucopyranan (51) with Mn between 17,000-21,700 g/mol and PDIs ranging from 1.4-2.1 
was obtained. However, a large quantity of BF3•OEt2 (48 mol%) and a long reaction time 
(144 hours) were required to achieve a high yield (84%). The MeOTf -catalyzed 




25%), but the PDIs were considerably lower (1.2). The use of other initiators such as 
trimethylsilyl triflate (TMSOTf), t-butyldimethylsilyl triflate (TBDMSOTf), and PF5 at -
15 C also gave stereoregular polymers with high molecular weights.89 In contrast to the 
PF5 -catalyzed polymerization of benzylated 1,6-anhydrohexopyranoses, which requires 
high vacuum, the polymerization of this allyl-protected monomer was performed under a 
nitrogen atmosphere. Additionally, the deprotection procedure was easier and more 
convenient.  
 
Using tris(triphenylphosphine)chlororhodium (RhCl(PPh3)3) as the catalyst, polymer 51 
was first isomerized to 2,3,4-tri-O-propenyl-(16)--D-glucopyranan (52) and then the 
propenyl  groups were cleaved using hydrochloric acid in acetone to give the water-
soluble (16)--D-glucopyranan (38). 
 Aminopolysaccharides were obtained by ring-opening polymerization of 1,6-
anhydrosugars with azido group followed by deprotection and reduction. The 
polymerization of 1,6-anhydro-3-azido-2,4-di-O-benzyl-3-deoxy--glucopyranose (53, 
 





Figure 1.21) by a phosphorus pentafluoride-benzoyl fluoride complex catalyst gave a 
stereoregular (16)--D-glucan derivative with Mn up to 55,000 g/mol. After reduction 
of the azido group and debenzylation, a stereoregular 3-amino-3-deoxy-(16)--D-
glucopyran was obtained.55 1,6-Anhydro-3-azido-2,4-di-O-benzyl-3-deoxy--
allopyranose (54) also exhibited relatively high polymerizability.90 In contrast, the 
polymerization of 1,6-anhydro-2-azido-3,4-di-O-benzyl-2-deoxy--glucopyranose (55),55 
1,6-anhydro-4-azido-2,3-di-O-benzyl-4-deoxy--glucopyranose (56),55 and 1,6-anhydro-
2-azido-3,4-di-O-benzyl-2-deoxy--mannopyranose (57)91 proceeded less readily under 
similar conditions.  Only oligosaccharide products were obtained in low yields, 
presumably because chain-termination reactions occurred due to the nucleophilic attack 
of the azido group at the electron-deficient C1 of the propagating oxonium ion.   
 
 In order to synthesize high molecular weight 2-amino-polysaccharides, several groups 
studied the polymerization of 1,6-anhydroglucosamine derivatives with various amino-
protecting groups, such as phthalimido,56 benzyl,92 cyclic alkyl,92 and cyclic silyl 
groups.92 However, only oligomers and low molecular weight polymers (DP13) were 
obtained, possibly due to the steric hindrance of the bulky substituted axial amino groups. 
Recently, Hattori and Yoshida reported the synthesis and polymerization of 1,6-anhydro-
 




3,4-di-O-benzyl-2-(N,N-dibenzylamino)-2-deoxy--mannopyranose (58).91 Being less 
sterically hindered than the glucosamine analogues, the cationic ring-opening 
polymerization of 58 by PF5 at -60 C afforded a stereoregular polymer with Mn up to 
28,700 g/mol in about 40% yields. Debenzylation of this polymer gave a poly-(16)--
D-mannosamine which was soluble in dilute hydrochloric acid, but insoluble in water.               
 In addition to the (16)--
glycopyranans discussed above, 
(16)--linked polysaccharides 
were also synthesized via the 
cationic ring-opening 
polymerization of 1,6-anhydrosugars by taking advantage of neighboring group 
participation.93-94 In 1988, Ichikawa and coworkers reported the polymerization of 1,6-
anhydro-2-O-benzoyl-3,4-di-O-benzyl--D-galactopyranose (59) to give a stereoregular 
(16)--D-galactopyranan derivative (60) with Mn of 2,600-3,600 g/mol (Figure 
1.22).94 The reaction proceeded via a double inversion mechanism (Figure 1.23).94 The 2-
O-benzoyl group in the propagating end attacks C1 of the trialkyloxonium ion  (61) from 
the -side to form a more stable dioxolenium ion (62), which allows exclusive -side 
attack of the incoming monomer, generating only -glycosidic linkages (63). However, 
due to the reduced nucleophilicity of the 1,6-anhydro ring oxygen by the electron-
withdrawing 2-O-benzoyl group, the higher stability of dioxolenium ion intermediate 
compared to the trialkyloxonium ion, and the coordination of catalyst to carbonyl oxygen 
of benzoyloxy group, the polymerization of this monomer was slower than that of the 
 





corresponding 1,6-anhydro-2,3,4-tri-O-benzyl--D-galactopyranose (44). Consequently, 
high reaction temperatures (0-20 C) and high catalyst loadings (10-50 mol% PF5) were 
required, and the molecular weights of the resultant polymer were relatively low.  
   
1.2.2.2 Ring-opening polymerization of 1,4-anhydrosugars 
The cationic ring-opening polymerization of 1,4-anhydrosugar derivatives was 
studied in order to synthesize cellulose-type polysaccharides with (14)--linkages. In 
1965, Kops and Schuerch reported the ring-opening polymerization of 1,4-anhydro-2,3,6-
tri-O-methyl--D-galactopyranose and 1,4-anhydro-2,3-di-O-methyl--D-
arabinopyranose using PF5 and BF3•Et2O as the catalysts. Methylated polysaccharides 
consisting of both furanosidic and pyranosidic repeating units with mixed anomeric 
configurations were obtained.95 This stereochemical ambiguity arose from the fact that 
these 1,4-anhydropyranose monomers (64), which can also be regarded as 1,5-
anhydrofuranoses, have two ring-opening pathways: 1,4- or 1,5-ring scission (Figure 
1.24). Therefore, ring-opening polymerization of 1,4-anhydrosugar monomers can give 
rise to polysaccharides with four possible repeating units, i.e., (14)--pyranosidic (65), 
 




(14)--pyranosidic (66), (15)--furanosidic (67), and (15)--furanosidic (68) 
units.96   
        
     Chemical synthesis of cellulose-type polysaccharides, which requires selective 1,4-
scission scission via trialkyloxonium ion mechanism, occurs when two requirements are 
satisfied: 1) selective complexation of the catalyst to the 1,4-anhydro ring oxygen in the 
initiation step, and 2) nucleophilic attack at C1 by the 1,4-anhydro ring oxygen of next 
monomer from the backside direction of the C1-O4 bond. However, due to the higher 
basicity of the 1,5-anhydro ring oxygen than the 1,4-anhydro ring oxygen, which leads to 
the preference of C1-O+-C5 oxonium ions, 1,5-ring scission of the monomer occurs more 
readily during polymerization to give glycofuranans with (15)-furanosidic linkages.96 
             
 
  Figure 1.24. Ring-Opening pathways of 1,4-anhydrosugar derivatives 
 




In 1983, the Uryu group studied the polymerization of 1,4-anhydro-2,3-di-O-benzyl--D-
ribopyranose (69) by various Lewis acid catalysts, such as BF3•Et2O, antimony 
pentachloride (SbCl5) and niobium(V) fluoride. At low temperatures (<-40 C), the 
polymerization of 69 proceeded through 1,5-ring scission to afford a stereoregular 2,3-di-
O-benzyl-(15)--D-ribofuranan (70) with Mn up to 542,000 g/mol (Figure 1.25).97 
Polymer 70 was debenzylated with sodium in liquid ammonia to give a new stereoregular 
polysaccharide (15)--D-ribofuranan (71). 
  
 The authors suggested that besides the lower nucleophilicity of the 1,4-anhydro ring 
oxygen, the steric and electronic effects of the two benzyloxy groups may also inhibit the 
complexation of the catalysts with the O4 oxygen. As a result, the complexation of Lewis 
acid occurs solely at the O5 oxygen in the initation step (72), and then the O5 oxygen of 
the next monomer attacks the propagating end from the backside direction of the C1-O5 
bond, leading to the selective opening of the 1,5-anhydro ring (73). The third step 
 





involves the formation and migration of a tetrafluoroborate (BF4
-) counterion to the 
propogating trialkyloxonium ion. Then this newly formed trialkyloxonium ion 
intermediate (74) is attacked by the next monomer as the chain propogates (Figure 
1.26).97 
 
The polymerization of 1,4-anhydro-2,3-di-O-benzyl--D-xylopyranose (76, Figure 
1.27) by BF3•OEt2 afforded a stereoregular 2,3-di-O-benzyl-(15)--D-xylofuranan 
with Mn up to 149,000 g/mol.96 When SbCl5 was used as the catalyst, the polymerization 
proceeded via an oxocarbenium ion mechanism to give a polymer with mixed (15)--
D-xylofuranosidic and (15)--D-xylofuranosidic units. In contrast, the polymerization 
of 1,4-anhydro-2,3-di-O-benzyl--D-lyxofuranose (77) by PF5 or SbCl5 gave a 
stereoregular 2,3-di-O-benzyl-(15)--D-lyxofuranan, whereas the polymerization by 
BF3•OEt2 produced  a polymer consisting of (15)--D-lyxofuranosidic and (14)--
D-lyxopyranosidic units.98 Accordingly, a stereoregular (15)--L-arabinofuranan was 
obtained by the PF5-catalyzed polymerization of 1,4-anhydro-2,3-di-O-tert-
butyldimethylsilyl--L-arabinopyranose (78).99 
Although ring-opening polymerization of 1,4-anhydrosugars has a tendency of 1,5-
ring scission to give 1,5-linked glycofuranans, with appropriate selection of Lewis acid 
 




catalysts and hydroxyl protecting groups, the polymerization of some 1,4-anhydrosugars, 
such as 1,4-anhydro--D-ribopyranoses and 1,4-anhydro-6-deoxy--L-talopyranoses, 
afforded stereoregular polysaccharides with (14)--pyranosidic linkages.  
   
In 1981, the Uryu group reported the first synthesis of a cellulose-type polysaccharide. 
100 The selective ring-opening polymerization of 1,4-anhydro-2,3-O-benzylidene--D-
ribopyranose (79, Figure 1.28) by SbCl5 gave a stereoregular 2,3-O-benzylidene-(14)-
-D-ribopyranan with Mn up to 43,000 g/mol. The use of other Lewis acid catalysts, such 
as PF5, BF3•Et2O, and tin tetrachloride (SnCl4), resulted in polymers composed of a 
mixture of -D-ribofuranosidic and -D-ribopyranosidic units, which could be easily 
hydrolyzed by acids. Deprotection of the benzylidene group with sodium in liquid 
ammonia afforded a water-soluble stereoregular (14)--D-ribopyranan. Similarly, the 
polymerization of 1,4-anhydro-2,3-O-isopropylidene--D-ribopyranose (80) 100 and 1,4-
anhydro-2,3-O-cyclohexylidene--D-ribopyranose (81) 101 by SbCl5 also yielded 
stereoregular (14)--D-ribopyranan derivatives. 
 





       
 Based on these results, a mechanism was proposed for the selective 1,4-ring scission 
of 1,4-anhydro--D-ribopyranose derivatives during cationic ring-opening 
polymerization (Figure 1.29).100 In the initiation step, selective complexation of the 
Lewis acid catalyst to 1,4-anhydro ring oxygen occurs due to the coordination of the 
catalyst among the O2, O3, and O4 oxygens, which are located on the same side of the 
pyranose ring (82). The rigidity and steric hindrance of the protective groups also played 
important roles in this selective complexation. Next, the 1,4-anhydro ring oxygen of the 
next monomer attacks the C1 of the propagating end from the backside direction of the 
C1-O4 bond, generating a (14)--pyranosidic linkage and a new propagating 
trialkyloxonium ion (83). The third step involves the formation and migration of a 
hexachloroantimonate counterion to the propogating trialkyloxonium ion. In the 
 






propagation step, this newly formed trialkyloxonium ion intermediate (84) is attacked by 
the next monomer as the chain propagates. 
Due to the difference in rigidity and steric hindrance, the selective 1,4-ring scission of 
1,4-anhydro--D-ribopyranoses with different protective groups required different Lewis 
acid catalysts to coordinate with the O4, O2 and O3 oxygens in the initiation step. While 
bulkier antimony pentahalides (SbCl5 and SbF5) were suitable for the 2,3-O-alkylidene-
protected monomers (79, 80 and 81) with a larger coordination space,100-101 the smaller 
PF5 and acryloyl chloride-antimony hexafluoride complex catalyst are appropriate for the 
more stericly hindered 2,3-di-O-methyl- (86) and 2,3-di-O-tert-butyldimethylsilyl-
protected (87) monomers, respectively (Figure 1.28).97,102 For the polymerization of 1,4-
anhydro-2,3-O-isopropylidene-6-deoxy--L-talopyranose (88), both SbCl5 and PF5 
catalyzed the formation of a stereoregular 6-deoxy-2,3-O-isopropylidene-(14)--L-
talopyranan 103. It was suggested that the repulsion between the 5-methyl group and the 
O4 resulted in a smaller space which was more suitable for the coordination of smaller 
Lewis acids (PF5) among these three oxygens. In contrast, only PF5 catalyzed the 
selective 1,4-scission of 1,4-anhydro-2,3-O-cyclohexylidene-6-deoxy--L-talopyranose 
(89) which possesses an even smaller coordination space 103. It is noteworthy that the 
polymerization of 1,4-anhydro-2,3-O-benzylidene-6-deoxy--L-talopyranose (90) gave 
rise to an irregular polymer containing a mixture of (14)--L-talopyranosidic and 
(15)--L-talofuranosidic units.103 




Compared to the ring-opening polymerization of 1,6- and 1,4-anhydrosugar 
monomers, the polymerization of 1,3-anhydrosugars was less studied. In 1981, Ito and 
Schuerch reported an exploratory investigation of (13)-linked glucan synthesis, in 
which 1,3-anhydro-2,4,6-tri-O-benzyl-D-glucopyanose (86, Figure 1.30) was 
polymerized under a variety of conditions.104 While anionic catalysts did not initiate 
polymerization, the polymerization by cationic initiators resulted in low molecular weight 
polymers with poor stereoregularity (the proportion of -linkages was 52-80%) due to 
the involvement of both trialkyoxonium ion and oxocarbenium ion intermediates.  
     
Stereochemical control in the ring-opening polymerization of 1,3-anhydrosugar 
derivatives was first achieved by Kong and Schuerch in the polymerization of 1,3-
anhydro-2,4,6-tri-O-benzyl- (87) and 1,3-anhydro-2,4,6-tri-O-(p-bromobenzyl)--D-
mannopyranose (88).105 Using triflic anhydride (Tf2O) as the catalyst, the polymerization 
of 88 at 20 or 50 C afforded a stereoregular 2,4,6-tri-O-benzyl-(13)--D-
mannopyranan (89) with Mn up to 11,000 g/mol.  The polymerization of 85 by Tr+ClO4
- 
at 35 C also gave a stereoregular polysaccharide derivative with a Mn of 20,000 g/mol. 
 





Deprotection of the polymers afforded a water-insoluble stereoregular (13)--D-
mannopyranan whose structure was studied and confirmed by NMR studies. The ring-
opening polymerization of 1,3-anhydro-2,4,6-tri-O-(p-bromobenzyl)--D-glucopyranose 
(89) by cationic catalysts such as Tf2O or silver triflate (AgOTf) also resulted in a 
stereoregular (13)--D-glucopyranan derivative with Mn up to 31,000 g/mol.106 The 
authors proposed that the stronger interaction between the counter ions of these catalysts 
and propagating trialkyloxonium ion intermidiate, which causes stabilization of the 
growing trialkyloxonium ion or alternatively by shielding the C1 of the oxocarbenium ion, 
directed the polymerization towards the trialkyoxonium ion mechanism, leading to the 
stereoselective trans-opening of the 1,3-anhydro ring.106 
The polymerizability of monomers and stereoregularity of the resultant polymers 
were affected by the hydroxyl protective groups.106 Compared to the stereospecific 
polymerization of 90, the polymerization of 86 proceeded with slightly less 
stereoselectivity under the same conditions, whereas the polymerization of 1,3-anhydro-
2,4,6-tri-O-(p-methylbenzyl)--D-glucopyranose (91) only resulted in oligomers. The 
authors suggested that complexation of the initiator cation to the 1,3-anhydro ring oxygen 
atom is at equilibrium with complexation to the ether oxygens. While electron-donating 
protecting groups (p-methylbenzyl) increase the basicity of the ether oxygens and shift 
the equilibrium to the ether oxygen, the electron-withdrawing protecting groups (p-
bromobenzyl) reduce the basicity of the ether oxygens and shift the complexation 
equilibrium to the 1,3-anhydro ring oxygen, leading to higher initiation rate.106 Compared 




anhydroglucopyranose monomers occurred with lower stereoselectivity, possibly because 
the axial arrangement of the C2 substituent in the 1,3-anhydroglucopyranose derivatives 
resulted in greater steric hindrance to the -attack of the propagating oxonium ion by the 
next monomer. 
 
When a triethylaluminum-water (1:1) complex was used as the initiator, the 
polymerization of 86 proceeded with cis-opening of the 1,3-anhydro ring to afford a 
polymer with a high proportion of (13)--linkage (93%) 104. In 1991, Okada et al. re-
investigated the polymerization of 90 in toluene at 60 C with different coordination 
catalysts (Figure 1.31).107 Using either the isobutylaluminoxane-epichlorohydrin ((i-
BuAlO)nECH) (1:1) or the triisobutylaluminum-water-acetylacetone (1:0.4:0.7) 
complex as the catalyst, the ring-opening polymerization of 90 afforded a stereoregular 
(13)--D-glucopryanan derivative (92) with Mn up to 24,000 g/mol and broad PDIs 
(2.3-6.9). In contrast, 1,6-anhydro-2,3,4-tri-O-benzyl--D-glucopyranose (36) did not 
polymerize with sobutylaluminoxane alone or with the  (i-BuAlO)nECH (1:1) catalyst 
under similar conditions, indicating that the polymerization proceeded via a coordination 
mechanism other than the conventional cationic ring-opening polymerization mechanism.  
Debenzylation of polymer 92 with lithium in liquid ammonia gave a stereoregular 
 
Figure 1.31 Polymerization of 1,3-anhydro-2,4,6-tri-O-(p-bromobenzyl)--D-




polysaccharide with NMR spectra in agreement with naturally occurring (13)--D-
glucopryanan. However, the Mn estimated by GPC (pullulan standard) was 1,200 g/mol, 
which was lower than the predicted value (5,500 g/mol) based on the Mn of the original 
p-bromobenzylated polymer. 
1.2.2.4 Ring-opening polymerization of 1,2-anhydrosugar 
Schurch et al. studied the polymerization of a tribenzylated 1,2-anhydrosugar, i.e., 
1,2-anhydro-3,4,6-tri-O-benzyl--D-glucopyranose (93, Figure 1.32), under a variety of 
conditions.108 The best results were obtained when the polymerization was performed at 
low monomer concentrations with PF5 as the inititator and at -60 C. The resultant 
polysaccharide derivatives had Mn of about 10,000 g/mol and negative optical rotations 
of -22, indicating a high proportion of -linkages. Birch reduction of this polymer 
afforded a free (12)-glucan, which according to the 13C NMR data, contained 
approximately 90% of - and 10% of -(12)-glycosidic linkages. The polymerization 
at higher temperatures with PF5 or other Lewis acids proceeded less stereoselectively, 
giving polymers with increasing amounts of -linkages. Presumably at low temperatures, 
the polymerization proceeded 
predominantly via a trialkyloxonium 
mechanism, leading to trans-opening of 
the three-membered anhydro ring; at 
higher temperatures, the oxocarbenium 
 




mechanism was involved and a larger proportion of thermodynamically favored -
product was obtained. 
The cationic ring-opening polymerization of 1,2-anhydro-3,4,6-tri-O-benzyl--D-
mannopyranose (94) under similar conditions also produced polysaccharides with low 
molecular weights and unsatisfactory stereoregularity,109 possibly due to the fact that H5 
hinders the trans approach of the next monomer to the C1 of the propagating 
trialkyloxonium when the molecule is in its favored (4H5) conformation.
110 Temperature 
played an important role in defining the polymer stereoregularity. When this monomer 
was polymerized using Tf2O in dichloromethane, the proportion of -linkages steadily 
increased with temperature from 26% at -60 C to 90% at room temperature. Double 
inversion of the C1 by the less hindered triflate anion was proposed to explain the cis-
opening of the 1,2-anhydro ring at low temperatures.110 
In 1996, Kong and coworkers reported the cationic ring-opening polymerization of 
1,2-anhydro-3,4-di-O-benzyl-L-rhamnopyranose (95, Figure 1.33) by Tf2O to produce a 
rhamnan derivative with Mn up to 
5,500 g/mol in high yields (79-
94%).111 The polymer possessed 
negative optical rotation values 
ranging from -5 to -18. Deprotection 
of this benzylated polymer with sodium in liquid ammonia afforded a water-soluble 
stereoregular polysaccharide (96) with a DP of 14 which, according to the 1H NMR and 
13C NMR analysis, consisted of only -(12)-linked rhamnopyranosidic units.                     
 





1.2.2.5 Ring-opening polymerization of 3,5-anhydrosugars 
The polymerization of 3,5-anhydro sugars was described by Uryu et al., in which 3,5-
anhydro-1,2-O-isopropylidene--D-xylofuranose (97) was polymerized to give a 
stereoregular (35)-2,3-O-isopropylidene--D-xylofuranan (98) with Mn up to 15,800 
g/mol (Figure 1.34).112 The reaction proceeded through a trialkyloxonium ion mechanism, 
where there are two possible ring-opening pathways: the monomer attacks either the C3 
or the C5 of the propagating oxonium, resulting in poly(ribose) or poly(xylose) structures, 
respectively. Interestingly, the attack by the monomer occurs only at the C5 to give a 
stereoregular (35)--D-xylofuranan derivative under various conditions when PF5 or 
BF3•OEt2 was used as the catalysts. No 
head-to-head and tail-to-tail structures 
were observed. Other anionic and 
coordinated catalysts, such as NaOH, 
KOH, Et3Al/H2O/acetylacetone, failed 
to initiate the polymerization of 135.112 
The polymer obtained at low temperatures possessed large negative specific optical 
rotations ranging from -75 to -81. After deprotection with CF3COOH/H2O (85:15 v/v), a 
water-soluble but nonhydrolyzable polysaccharide was obtained.  
1.2.3 Ring-opening polymerization of tricyclic sugar orthoesters 
In the 1990s, Nakatsubo et al. investigated the ring-opening polymerization of tricyclic 
sugar orthoesters in an effort to synthesize cellulose chemically. The authors synthesized 
a stereoregular (14)--D-glucopyranan (cellulose) via the polymerization of 3,6-di-O-
 





benzyl--D-glucopyranose-1,2,4-orthopivalate (99) followed by subsequent deprotection 
reactions (Figure 1.35).30 The polymerization was performed in dichloromethane with 
various catalysts, such as PF5, BF3•Et2O, and Ph3C
+SbCl6. When tritylium 
tetrafluoroborate (Tr+BF4) was used as the initiator, the polymerization proceeded 
regioselectively and steroselectively to give a 3,6-di-O-benzyl-2-O-pivaloyl--D-
glucopyranan (100) with Mn up to 8,300 g/mol. After removal of the pivaloyl and benzyl 
groups, the polysaccharide was acetylated to give a (14)-2,3,6-tri-O-acetyl--D-
glucopyranan (101) whose structure was identical with the 2,3,6-tri-O-acetyl-cellulose 
prepared from low molecular weight cellulose. 
 
To investigate the effect of substituents on the polymerization, three other sugar 
orthoesters, namely, 3-O-benzyl-6-O-pivaloyl--D-glucopyranose-1,2,4-orthopivalate 
(102), 6-O-benzyl-3-O-pivaloyl--D-glucopyranose-1,2,4-orthopivalate (103), and 3,6-
di-O-pivaloyl--D-glucopyranose-1,2,4-orthopivalate (104) were synthesized and 
polymerized under similar conditions (Figure 1.36).113 Monomer 104 exhibited the lowest 
polymerizability among these monomers. While the polymerization of 99 and 102, which 
contain a 3-O-benzyl group, gave stereoregular (14)--D-glucopyranan derivatives, the 
 




polymerization of 103 having a 3-O-pivaloyl group afforded irregular polymers 
consisting of (12)--, (14)--, and (12)--pyranosidic units, suggesting that the 3-
O-benzyl group is required for the stereospecific formation of (14)--glycosidic 
linkages.  
The polymerization of these tricyclic sugar orthoesters was proposed to proceed via a 
five-membered cyclic dioxalenium ion mechanism.113 In the case of monomer 103, the 3-
O-pivaloyl group reduces the electron density of O4 and may cause an undesirable 
coordination of the initiator with the O2. Meanwhile, the electron-withdrawing effect of 
the 3-O-pivaloyl group may also destablize the dioxalenium ion intermediate, so that C1-
O bond breaking occurs before the attack by the next monomer to give both (12)-- 
and (12)-- linkages via the SN1 pathway. In contrast, for the monomers possessing a 
3-O-benzyl group (99 and 102), the initiator only coordinates with the O4, and the 
resultant five-membered cyclic dioxalenium ion intermediate is stabilized by the electron-
donating effect of the 3-O-benzyl group, leading to formation of the (14)--bond via 
the SN2 attack by the next monomer.  
    
The substituent effect of the orthoester group was also studied by comparing the 
polymerization of monomer 99, 3,6-di-O-benzyl-D-glucopyranose-1,2,4-orthopropionate 
 





(105), 3,6-di-O-benzyl-D-glucopyranose-1,2,4-orthoacetate (106), and 3,6-di-O-benzyl-
D- glucopyranose-1,2,4-orthobenzoate (107) under the same reaction conditions.114 
While polymerization of monomer 99 gave a stereoregular (14)--glucopyranan 
derivative, the polymerization of the other three orthoesters resulted in regioirregular 
polymers consisting of (14)-- and (12)--glucopyranosidic units. Therefore, only 
the 1,2,4-orthopivalate group had a characteristic effect on the regiospecificity of the 
ring-opening polymerization, leading to the formation of (14)--glucopyranosidic 
linkages.  Based on these results, it was concluded that both the 3-O-benzyl group and 
orthopivaloyl group are indispensable substituents for the polymerization of -D-
glucopyranose-1,2,4-orthoesters to synthesize stereoregular cellulose-type 
polysaccharides.113-114 Recently, 6-O-Alkyl-celluloses,115 2,6-O-alkyl celluloses,116 and a 
13C-perlabeled Cellulose 117 were synthesized by the ring-opening polymerization of 
regioselectively substituted 3-O-benzyl--D-glucopyranose-1,2,4-orthopivalates 
followed by post-polymerization modifications .  
         
Besides the benzyl group, the allyl group also directs the formation of  (14)--
glycosidic linkages in the polymerization of 3-O-allyl--D-glucopyranose-1,2,4-
 





orthopivalate derivatives.118 A systematic study showed that the polymerization of all the 
3-O-allyl--D-glucopyranose-1,2,4-orthopivalates (108-111, Figure 1.37) proceeded 
smoothly to afford stereoregular polysaccharide derivatives consisting of (14)--
glucopyranosidic units. Moreover, removal of the allyl group was easier than that of 
benzyl group. Complete removal of the allyl groups was achieved with palladium 
chloride in a mixed solvent of methanol/chloroform (1/1, v/v) at 60 °C in 4 h. In contrast, 
complete debenzylation of a polysaccharide using the same method requires 2 days and a 
temperature of 80 °C.  
The ring-opening polymerization of 
sugar tricyclic orthoesters was also used 
to synthesize a stereoregular 
polysaccharide with (16)--linkages. 
Recently, Boonyarattanakalin and 
coworkers reported the polymerization 
of 3,4-O-di-benzyl--D-mannopyranose-
1,2,6-orthobenzoate (112) and 3,4-O-
dibenzyl--D-mannopyranose-1,2,6-orthopivalate (113) under various conditions (Figure 
1.38).119 The polymerization of monomer 112 by TMSOTf proceeded regio- and 
stereospecifically to afford a (16)--mannopyranan derivative (114) with Mn up to 
8,800 g/mol in high yields, whereas the polymerization of monomer 113 under the same 
conditions occurred less selectively and only gave an oligomer. Quantum chemical 
calculations showed that the initiation step was critical to determine the selectivity in the 
 
Figure 1.38 Structures and polymerization of 




polymerization of these two monomers.120 The bulky Lewis acid catalyst TMSOTf 
selectively activated monomer 112 at the O6 to initiate the (16)--glycosidic bond 
formation, because the stabilizing capping group (phenyl ring) and the leaving group (O6) 
effectively stabilized the resultant dioxalenium ion intermediate (115). In contrast, the 
polymerization of monomer 113 by TMS+ resulted in a higher energy barrier to the 
reaction and a higher intermediate energy, which is attributed to the less effective 
electronic stabilization of the carbocation ion of the intermediate (116) by the O6, as well 
as the absence of a stabilizing capping group.120  
1.2.4. Ring-opening polyaddition of sugar oxazolines 
In addition to the ring-opening 
polymerization of anhydrosugar 
derivatives containing an azide group 
or a protected amino group, an 
alternative strategy to synthesize 
aminopolysaccharides is through ring-
opening polymerization of sugar 
oxazolines. Inspired by the high 
stereoselectivity of oxazoline glycosylation, Kadokawa et al. designed a sugar oxazoline 
monomer having a free hydroxyl group at the C4 position, namely, 2-methyl-(3,6-di-O-
benzyl-1,2-dideoxy--D-glucopyrano)-[2,1-d]-2-oxazoline (117), and studied its acid-
catalyzed ring-opening polymerization in refluxing 1,2-dichloroethane (Figure 1.39).121 
Using 10-camphorsulfonic acid (CSA) as the intiator, the polymerization proceeded 
 





stereoselectively to give a 2-acetamido-3,6-di-O-benzyl-2-deoxy-(14)--glucopyranan 
(118) with Mn up 4,900 g/mol in moderate yields.                               
The ring-opening polymerization of a sugar oxazoline with a free hydroxyl group at 
the C6 position (119) under the same reaction conditions afforded a stereoregular 2-
acetamido-3,4-di-O-benzyl-2-deoxy-(16)--glucopyranan (120) with Mn up to 13,000 
g/mol.122 This polymer had higher molecular weights than that of polymer 118, probably 
due to the higher reactivity of the primary alcohol at the C6 than the secondary alcohol at 
the C4. The yields of polymerization were low, and intramolecular cyclization of the 
monomer (anhydrization reaction) was observed at low monomer concentrations. 
However, by increasing the monomer concentration, this side reaction was minimized 
and the yields of polymerization were increased to 32%. Debenzylation via catalytic 
hydrogenolysis was performed to give the free aminopolysaccharides. The debenzylation 
of polymer 118 was incomplete (ca. 90 %), whereas the deprotection of polymer 120 
occurred completely to generate a 2-acetamido-3,4-di-O-benzyl-2-deoxy-(16)--
glucopyranan with a Mn of 5,600 g/mol. The polymerization of sugar oxazolines was 
also extended to the synthesis of hyperbranched polysaccharides, which will be discuss in 
a forthcoming section. 
1.2.5 Ring-opening polymerization of cyclodextrins 
 Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6 to 8 -(1→4)-
linked D-glucopyranose units.123-128 Topologically, CDs are macrocyclic acetals that can 
be polymerized by Lewis acid initiators.129-130 The first example of direct chemical ring-




(Figure 1.40).131 Using triethyloxonium hexafluorophosphate (Et3O
+PF6
–) as the initiator, 
the polymerization of O-permethylated -cyclodextrin (-MeCD, 121) gave linear 
methylated (1→4)-glucans (124) with Mn of 5,500-8,500 g/mol in high yields. The 
polymerization of O-permethylated -cyclodextrin (-MeCD,122) and O-permethylated 
-cyclodextrin (-MeCD, 123) under the same conditions also afforded methylated 
(1→4)-glucans in high yields, but with higher molecular weights (up to 15,700 g/mol for 
122 and 9,800 g/mol for 123, respectively). The NMR studies of the polymers showed 
that they were composed of 72-80% of -(1→4)-glycosidic linkages and 20-28% of -
(1→4)-glycosidic linkages. High proportions of -(1→4)-linkages (>90%) in the 
resultant polymer were observed in the early stage of polymerization, but the  content 
gradually decreased to 72-80% with increasing monomer conversion. Therefore, it was 
proposed that the -linkages were formed not only due to the oxocarbenium ion 
mechanism, which involves bond scission of the -(1→4)-linkage of the MeCD ring and 
subsequent non-stereospecific glycosidic bond reformation with the next MeCD 
 




monomer, but also because of chain transfer reactions of the propagating oxocarbenium 
ion intermediate to the polymer backbone.131 
Through the copolymerization studies, it was found that the polymerizability of these 
macrocyclic monomers increased in the order of 121< 122< 123, which is opposite to the 
ring strain order (ring strain:  121> 122 > 123). The authors ascribed this unusual 
observation to the characteristic shape of CDs: as the glycosyl oxygen atoms are located 
on the inside wall of the MeCD, the propogating oxocarbenium end has to enter the 
cavity of MeCD to attack the glycosyl oxygen atoms in order to open the MeCD ring. 
Thus, a larger cavity is more favorable for chain propagation.131-132  
    
When the initiator-activator system of HI-I2 was used, chain transfer reactions 
involving the scission-recombination of glycosidic bonds were partially suppressed by 
the formation of glycosyl iodide at the propogating end (125, Figure 1.41), giving rise to 
polymers with higher proportions of -glycosidic linkages (78-93%).133 However, 
polycondensation and back-bitting reactions were still observed under some conditions. 
In contrast, the HI–ZnCl2 catalyst system gave a more controlled cationic ring-opening 
 




polymerization of MeCDs. The MALDI-TOF MS analysis of the product revealed that 
the molecular weight distribution of the (1→4)-linked glucan obtained from -MeCD 
uniquely consisted of large, regular intervals which was identical to the molecular weight 
of -MeCD (1,634 g/mol). 
In order to prepare block-like substituted polysaccharides, Mischnick and coworkers 
studied the ring-opening copolymerization of equimolar 122 and O-perdeuteromethylated 
-cyclodextrin under the initiation of oxonium salts such as Et3O
+X– (X=PF6, SbCl6, BF4) 
134-135. The average block length of the polymer was determined by ESI MS after partial 
methanolysis, and found to be close to the theoretical value of 14 for -cyclodextrins 
during the early stage of polymerization, but gradually decreased to 2-5 because of chain-
tranfer reactions. Degradation of the polymers was observed with extension of reaction 
time, accompanied by an equilibration of - and -glycosidic linkages to a ratio of 64:36.  
Due to the steric hindrance and the nucleophilicity of acetoxy and benzyloxy groups, 
O-peracetylated and O-perbenzylated cyclodextrins were not polymerizable under similar 
reaction conditions. However, partially methylated cyclodextrins with modification 
(acetylation, bromination, chlorination) on the primary side underwent cationic ring-
opening polymerization to give 6-O-modified-2,3-di-O-methyl-(14)-glucans with Mn 
ranging from 2,300 to 9,500 g/mol 132. Even though O-perbenzylated -CD did not 
homopolymerize, this monomer was successfully copolymerized with 122 to give a 




1.3 Chemical synthesis of branched polysaccharides 
Besides linear polysaccharides, a large number of branched polysaccharides exist in 
nature.7 Typical examples of branched polysaccharides include -(16)-glucosyl 
branched (13)--D-glucans, such as lentinan and schizophyllan, which exhibit potent 
immuno-stimulating and antitumor activities.136-143 However, applications of these 
branched polysaccharides are limited by difficulties in isolation of pure products and lack 
of a thorough understanding in structure-function relationships.15 Therefore, the chemical 
synthesis of branched polysaccharides with well-defined structures is of importance, as it 
can not only provide useful information to elucidate the relationship between 
polysaccharide structure and activity, but also produce non-natural multivalent 
polysaccharides with enhanced activities or interesting new properties.144 To date, two 
strategies are employed to synthesize branched polysaccharides: 1) ring-opening 
polymerization of anhydrodisaccharides and -oligosaccharides; and 2) glycosylation of 
synthetic or natural linear polysaccharides.  
1.3.1 Ring-opening polymerization anhydrodisaccharides and -oligosaccharides  
The ring-opening polymerization of anhydrodisaccharide monomers is a useful and 
straightforward approach to synthesize branched polysaccharides, as it offers precise 
regio- and stereoselective controls over the branching structure. The frequency of 
branching (FB, defined as the mole fraction of branched units in the main chain) can be 
easily adjusted by varying the monomer feed ratios in the copolymerization of 
anhydrodisaccharides and anhydromonosaccharides. However, because of the low 




branched polysaccharides by homopolymerization or copolymerization with high mole 
fractions of the disaccharide monomers. Moreover, this method is not readily applicable 
to the preparation of branched polysaccharides with longer side chains and 
polysaccharides branched at the C6 position. 
         
The first example of polymerizing an anhydrodisaccharide was reported by Veruovoic 
and Schuerch in 1970,145 in which hexa-O-benzyl-1,6--anhydromaltose (126) was 
polymerized by PF5-PhCOF co-initiators to a give comb-shaped polysaccharide 
derivative (127) with Mn up to about 13,400 g/mol (Figure 1.42). Phosphorous 
pentafluoride, which is a very efficient catalyst for the ring-opening polymerization of 
1,6-anhydro-2,3,4-tri-O-benzyl--hexopyranoses, failed to initiate the polymerization of 
126. A large amount of co-initiators ( 20 mol% of monomer) was required in order to 
obtain relative high molecular weights and high yields, probably due to the undesired 
coordination of the catalysts to the many oxygen atoms of the benzyloxyl groups in the 
monomer. Compared to the polymerization of 1,6-anhydro-2,3,4-tri-O-benzyl--
hexopyranoses, the polymerization of 126 was more sensitive to variation in reaction 
conditions such as temperature, catalyst loading, reaction time and solvents, presumably 
 




because the bulkier size of the monomer decreased the rate of propagation and increased 
the likelihood of side reactions or termination.145 The optimal polymerization results were 
obtained using 20 mol% of PF5-PhCOF co-initiators in dichloromethane at -60 C for 100 
hours. Debenzylation of the polymer afforded a hydrated branched polysaccharide with a 
[]D
25 of +174o, indicating high stereoregularity in the main chain with predominantly -
D-pyranosidic linkages on both the backbone and branches. However, the absolute 
stereoregularity of this branched polysaccharide was not established. 
The copolymerization of 1,6-anhydro-2,3,4-tri-O-(p-methylbenzyl)--D-
glucopyranose (128, M1) with 126 (M2) was performed to produce branched 
polysaccharides with different proportion of branches.146 Although 126 is not 
polymerizable at -78 C with PF5, the copolymerization of 126 with 128 proceeded 
readily to produce copolymers similar to those of copolymers prepared at -60 C. 
According to the Lewis-Mayo intersection method, reactivity ratios were calculated to be 
r1=1.91±0.35, r2=0.28±0.25 and rl=2.21±0.15, r2=0.21±0.10 for the polymerization 
reactions catalyzed by 10 mol% and 20 mol% PF5 at -60 C, respectively. As the unequal 
competition for the initiator between the two monomers was not observed in the initiation 





            
The Schuerch group also studied the polymerization of hexa-O-benzyl-1,6--
anhydrocellobiose (129, Figure 1.43).147 Compared to monomer 126, this disaccharide 
derivative exhibited even lower polymerizability, presumably because the pendant -
glucose branching moiety causes greater steric hindrance to propagation than the pendant 
-glucose branch in monomer 126. The ring-opening polymerization of 129 under 
optimized conditions gave a comb-shaped polysaccharide derivative with a Mn of 7,330 
g/mol. Debenzylation of the polymer yielded a hydrated branched polysaccharide with a 
high []D
25 of +78o. 
         
In 2009, Yoshida and coworkers successfully performed the PF5-catalyzed ring-
opening polymerization of hexa-O-benzyl-1,6-anhydro--lactose (130), giving a 
stereoregular 4-O-(-D-galactopyranosyl)-(14)--D-glucopyranan derivative (131) 
 
Figure 1.43 Structures of 1,6-anhydro-2,3,4-tri-O-(p-methylbenzyl)--
D-glucopyranose and hexa-O-benzyl-1,6--anhydrocellobiose 
 




with Mn up to 7,300 g/mol (Figure 1.44).148 Copolymerization of 130 with 1,6-anhydro-
2,3,4-tri-O-benzyl--D-glucopyranose (36) at various feed ratios yielded the 
corresponding copolymers with randomly distributed galactose branches. Debenzylation 
of the polymers with sodium in liquid ammonia afforded a series of -(16)-D-
glucopyranans with different proportions of -(14)-D-galactose branches, whose 
stereoregularity was studied and confirmed by 13C NMR spectroscopy. After sulfation, 
the sulfated branched polysaccharides exhibited anti-HIV and anticoagulant activities, 
which increased with a decrease in branching densities.148 
   
As discussed in Section 2.2.1, 1,6-anhydro-tri-O-benzyl--D-mannopyranose (43) 
exhibited the highest polymerizability among the eight 1,6-anhydro-2,4,6-tri-O-benzyl--
D-hexopyranoses. In order to obtain branched polysaccharides with high molecular 
weights, Kobayashi et al. synthesized a mannose-based anhydrodisaccharide monomer, 
namely, hexa-O-benzyl-1,6-anhydro-mannobiose (132, Figure 1.45), and studied its 
polymerization with various Lewis acid catalysts.149 Under the catalysis of 20 mol% PF5 
at -60 C, the polymerization proceeded smoothly to afford a comb-shaped 
polysaccharide derivative with a Mn of 23,000 g/mol in 70% yield. Removal of benzyl 
 




groups gave a stereoregular 4-O-(-D-mannopyranosyl)-(16)--D-mannopyranan (133) 
with a DP of 28. The -anomeric configurations of both the pendant and backbone 
mannose units were confirmed from the 1H and 13C NMR spectra of the polysaccharide.             
Very recently, Yoshida and coworkers synthesized another mannose-based 1,6-
anhydro disaccharide monomer, namely, 1,6-anhydro-2,3-di-O-benzyl-4-O-(2', 3', 4', 6'-
tetra-O-benzyl--D-galactopyranosyl)--D-mannopyranose (134, Fig. 46). The ring-
opening polymerization of this monomer by PF5 at -60 C afforded a stereoregular 4-O-
(-D-galactopyranosyl)-(16)--D-mannopyranan derivative (135) with a Mn of 7,600 
g/mol.150 The copolymerization of 134 with 1,6-anhydro-tri-O-benzyl--D-
mannopyranose (43) at various feed ratios gave galactose-branched mannopyranan 
derivatives with different branching densities. Debenzylation of these polymers with 
sodium in liquid ammonia produced a series of branched polysaccharides, which 
exhibited potent anti-HIV activity after sulfation.   
 
 





               
With the anhydro ring oxgen being less sterically hindered, more basic and 
nucleophilic, 1,6-anhydrodeoxydisaccharide monomers exhibited higher polymerizability 
than that of corresponding 1,6-anhydrodisaccharides. The polymerization of 1,6-anhydro-
3-O-(2',3',4',6'-tetra-O-benzyl--D-galactopyranosyl)-2,4-dideoxy--D-hexopyranose 
(136, Figure 1.47) by 20 mol% PF5 proceeded rapidly at -78 C to give a comb-shaped 
polysaccharide derivative with Mn of 27,000 g/mol in 67% yield.151 The 
copolymerization of equimolar of 136 with 1,6-anhydro-2,3,4-tri-O-benzyl--D-
glucopyranose (36) resulted in a copolymer with 68 mol% of the disaccharide unit at the 
early stage of polymerization (10% conversion), indicating the higher polymerizability of 
136 compared to that of 36. In contrast, 1,6-anhydro-2,4-di-O-benzyl-3-O-(2',3',4',6'-
tetra-O-benzyl--D-galactopyranosyl)--D-glucopyranose (137) showed no reactivity in 
homopolymerization or copolymerization with 36. 
The ring-opening polymerization of 1,6-anhydro-3-O-benzyl-2-deoxy-4-O-(2',3',4',6'-
tetra-O-benzyl--D-glucopyranosyl)--arabinopyranose (138, Figure 1.48) was more 
complicated.152 The PF5-catalyzed polymerization of 138 afforded a mixture of a cyclic 
trisaccharide (thermodynamically preferred, 140) and a (16)--linked comb-shaped 
polysaccharide (kinetically preferred, 139) with -glucopyranosyl branches.      
 




Varying the reaction conditions significantly affected the course of polymerization: the 
proportion of the cyclic trisaccharide increased with elevation of temperature or 
extension of reaction time as the backbiting process competed with the ring-opening 
polymerization. At -75 °C, a stereoregular branched polysaccharide derivative having a 
Mn of 21,300 g/mol was obtained after 24 hours with a polymer-to-trimer ratio of 75 to 
25. At 0 °C, the polymerization reaction gave only the cyclic trimer. Backbiting of the 
propagating trialkyoxonium ion to the polymer backbone was proposed for the formation 
of the cyclic trisaccharide. 
    
 
Figure 1.48 Polymerization of 1,6-anhydro-3-O-benzyl-2-deoxy-4-O-(2',3',4',6'-tetra-O-
benzyl--D-glucopyranosyl)--arabinopyranose 
 





Interestingly, a slight change in the structure of the sugar branch exerted a significant 
influence on the polymerization behaviors of the anhydrodeoxydisaccharides. At -78 °C, 
the PF5 catalyzed ring-opening polymerization of 1,6-anhydro-3-O-benzyl-2-deoxy-4-O-
(2',3',4',6'-tetra-O-benzyl--D-mannopyranosyl)--arabinopyranose (141) gave a 
stereoregular comb-shaped polysaccharide derivative (142) with a Mn of 26,000 g/mol in 
84% yield (Figure 1.49).153 At 0 °C, the polymerization resulted in oligomers of irregular 
structures, but no cyclization was observed. The polymerization behavior of this 
mannose-branched monomer 141 was quite different with that of the glucose-branched 
monomer 138, although the only difference in the two monomers was the configuration 
of benzyloxy group at C2' of the branches. The authors suggested that the axial 
benzyloxy group at the C2' blocks the cyclization side reaction in the polymerization of 
141.        
To take advantage of the high polymerizability of 1,4-anhydrosugar structure, 
Yoshida and Endo synthesized a 1,4-anhydroribodisaccharide monomer, namely, 1,4-
anhydro-2-O-benzyl-3-O-(2',3',4',6'-tetra-O-benzyl--D-galactopyranosyl)--D-
ribopyranose (143, Figure 1.50).154 The ring-opening polymerization of 143 by BF3•Et2O 
proceeded rapidly at -40 °C to give a stereoregular galactose-branched (15)--
ribofuranan derivative (144) with Mn up to 43,000 g/mol in good yields. The 
copolymerization of 143 with 1,4-anhydro-2,3-di-O-benzyl--D-ribopyranose (69) using 
5 mol% BF3•OEt2 as the catalyst afforded copolymers with Mn up to 104,000 g/mol. 




(15)--D-ribofuranans with different proportions of (13)--D-galactopyranosyl 
branches. 
        
In 2009, the same group reported the synthesis and polymerization of a new 
anhydroribotrisaccharide monomer, namely, 1,4-anhydro-2-O-benzyl-3-O-(2', 3', 6', 2'', 
3'', 4'', 6''-hepta-O-benzyl--D-lactosyl)--D-ribopyranose (145, Figure 1.51).155 This 
trisaccharide monomer was polymerized readily by 5 mol% BF3•OEt2 at -40 °C to give a 
lactose-branched polysaccharide derivative with Mn up to 14,500 g/mol. After removal 
of the benzyl group, a stereoregular 3-O-(-D-lactosyl)-(15)--D-ribofuranan (146) 
with a Mn of 9,000 g/mol was obtained. The copolymerization of 145 with 1,4-anhydro-
2,3-di-O-benzyl--D-ribopyranose (69) at various feed ratios resulted in the 
corresponding polysaccharides with different proportions of 3-O-lactosyl ribofuranose 
and ribofuranose units.  
 





    
1.3.2 Glycosylation of synthetic or natural linear polysaccharides 
Compared to the polymerization of anhydrodisaccharides and -oligosaccharides, 
introduction of sugar branches to natural or synthetic polysaccharide backbones 
represents a more versatile approach to synthesize branched polysaccharides.156 Using 
this method, a variety of branched polysaccharides were prepared by different 
combination of sugar branches (monosaccharides, disaccharides or oligosaccharides) and 
polysaccharide backbones.157-159 High molecular weight branched polysaccharides can 
also be obtained. However, in contrast to the ring-opening polymerization method which 
tailors the polymer structure from monomer level, it is generally difficult to introduce 
branches to a specific position of linear polysaccharides due to the presence of multiple 
hydroxyl groups with similar reactivity and limited solubility of polysaccharides in 
common organic solvents. Even though these two issues can be overcome by 
regioselective protection of the functional groups, the gycosylation method still suffers 
from relatively low grafting density and stereoselectivity,160 and partial degradation of the 
polysaccharide backbones,144,161 which lead to structural ambiguity of the products and 
 




batch-to-batch variations. This section will review some of the most widely used 
glycosylation methods. 
1.3.2.1 Glycosylation with sugar halides and tosylates 
 
Husemann and coworkers studied the grafting of tetra-O-acetyl--D-glucopyranosyl 
bromide (148) to 6-O-trityl-2,3-di-O-(N-phenylcarbamoyl)-amylose (147) and -cellulose 
backbones in nitromethane-p-dioxane using AgClO4 (the Bredereck glycosylation, Figure 
1.52), and in acetonitrile-p-dioxane in the presence of Hg(CN)2 and HgBr2 (the Helferich 
glycosylation).162 While considerable degradation of the backbone chain occurred in the 
Bredereck reaction, no degradation took place in the Helferich reaction under suitable 
conditions. Both reactions led to the formation of extensive, if not exclusive, -
glycosydic bonds. The 13C NMR study of the products obtained from the Helferich 
condensation confirmed the presence of 4,6-di-O-substituted -D-glucopyranosyl 
residues, indicating that intramolecular acetyl migration occurred during the 
glycosylation reactions. 
 





The condensation of acetylated glycosyl bromide derivatives of the higher 
maltooligosaccharides with DP of 6 and 7 to 147 under the Bredereck and the Helferich 
reaction conditions was also studied.163 Removal of the protecting groups afforded water-
soluble branched amyloses with maltooligosaccharide side chains. The distance between 
the branching points on the backbone was 25-55 and 100-150 sugar units for the products 
obtained from the Bredereck and the Helferich glycosylations, respectively, which were 
considerably lower than in the branched polymer with D-glucose side-chains. The 
difference in branching density indicated that the Bredereck reaction was more suitable 
for the less-reactive acetylated glycosyl bromides. 
   
Recently, Heinze and coworkers prepared a non-natural branched polysaccharide by 
homogeneous glycosylation of cellulose (150) with 148 in N,N-dimethylacetamide/LiCl 
using triethylamine as the base (Figure 1.53).164 The NMR studies and methylation 
analysis showed that the glucose moieties were attached to the cellulose backbone via 
1,2-orthoester linkages instead of O-glycosidic bonds (151). FB up to 0.58 were achieved 
and the branched celluloses with FB>0.3 were soluble in water. 
 





    
Glycosylation of linear polysaccharides with sugar tosylates was also employed to 
synthesize branched polysaccharides.165 Ito and Schuerch studied the grafting of 6-O-(N-
phenylcarbamoyl)-2,3,4-tri-O-(p-methylbenzyl)-1-O-tosyl-D-glucopyranose (154) to the 
O3 position of synthetic -(16)-glucan backbones (153), which were prepared by the 
ring-opening copolymerization of 1,6-anhydro-2,4-di-O-benzyl-3-O-(but-2-enyl)--D-
glucopyranose (152) with 1,6-anhydro-2,3,4-tri-O-benzyl--D-glucopyranose (36) 
followed by selective decrotylation (Figure 1.54). This glycosylation reaction in 
dimethoxyethane proceeded completely with a large excess of 154, giving branched 
dextran derivatives (155) with FB up to 0.97. After decarbanilation and debenzylation, a 
family of water-soluble dextrans with different FB were obtained. The 13C NMR study of 
the deprotected polysaccharides reaveled that approximately 93-95% of the glucose 
branches were attached to the backbone through -(13)-glycosidic linkages.            
1.3.2.2 Glycosylation with sugar orthoesters 
 




The introduction of sugar branches to linear polysaccharide backbones using the 
orthoester glycosylation was first reported by Kochetkov et al. in 1971.166 Since then it 
has become the most frequently used method and a variety of branched polysaccharides 
with specific biological activities have been prepared. The condensation of cellulose 
acetate (with a degree of acetylation of 2.2) with 3,4,6-tri-O-acetyl--D-glucopyranose-
1,2-(tert-butyl orthoacetate) was carried out in boiling chlorobenzene with amounts of 
2,6-dimethylpyridinium perchlorate. Saponification and reduction the product gave a 
water-soluble branched glucan. Periodate oxidation and partial acetolysis revealed that 
the polysaccharide contained a main chain of the cellulose type, branched with -D-
glucopyranosyl residues primarily at the secondary hydroxyl groups of the chain D-
glucose residues, possibly due to intermolecular acetyl migration in the cellulose 
backbone during the glycosylation process.  
 
Under similar conditions, Husemann and coworkers prepared branched amylose and 
cellulose with (16)-D-glucose side chains by condensation of 3,4,6-tri-O-acetyl-D-
glucopyranose-1,2-(tert-butyl orthoacetate) and 3,4,6-tri-O-acetyl-D-glucopyranose-1,2-
(ethyl orthoacetate) (157) with 2,3-di-O-(N-phenylcarbamoyl)-amylose (158)  and -
 




cellulose (Figure 1.55).160 Regioselectivity of the glycosylation reaction was ensured by 
using N-phenylcarbamoyl as the hydroxyl protecting group, which does not migrate 
during glycosylation as opposed to the acetyl group. The more stable ethyl orthoacetate 
yielded a higher and more reproducible FB than the tert-butyl orthoacetate. The distance 
between the branching points in the products was 2-3 glucose residues when equimolar 
amount of orthoester was used for each 6-OH group of the polysaccharide backbone. 
Minimal degradation of the amylose backbone occurred when one equivalent of 
orthoester was used, as shown by intrinsic viscosities and molecular weights determined 
by light scattering measurements. However, degradation increased with increasing molar 
ratio of orthoester, probably due to the cleavage of (14)--glycosidic bonds of the 
polysaccharide backbone by the excess dioxolenium cations formed from the orthoester. 
Saponification of the resultant products with sodium methoxide gave water-soluble 
branched amylose and cellulose having D-glucose side-chains. The NMR and IR anaylsis 
of the deprotected branched polysaccharides revealed that the glucose branches were 
attached mainly through (16)--D-glycosidic linkages with a small proportion of 
(16)--linkages, indicating that an oxocarbenium intermediate was also involved 
during glycosylation. The violation of stereoregularity was also observed by Matsuzaki et 
al. in their effort to synthesize (16)-glucose branched curdlan and cellulose using this 
method.167 
Motivated by the potent antitumor activity of lentinan and schizophyllan, a variety of 
(16)-branched polysaccharides were prepared by condensation of different sugar 




cellulose,168 mannan,169 and glucomanan,169 Branched curdlans with L-
rhamnopyranose,144 D-arabinofuranose,144 and oligo-D-arabinofuranose 168 side chains 
exhibited the highest antitumor activities against Sarcoma 180. Whereas the branched 
polymers containing (14)--linkages in the backbones showed lower antitumor 
acitivity, indicating that the (13)--glucan backbone played important roles in the 
antitumor activity of these branched polysaccharides. 
      
Using this sugar orthoester glycosylation method, branched polysaccharides were also 
prepared from partially deprotected ribofuranans (Figure 1.56),170 The stereoregular 
(15)--D-ribofuranan backbones were synthesized by the selective ring-opening 
copolymerization of 1,4-anhydro-2,3-di-O-benzyl--D-ribopyranose (69) and 1,4-
anhydro-2,3-di-O-(tert-butyldimethylsilyl)--D-ribopyranose (87) at various feed ratios. 
After selective removal of the silyl groups, the partially hydroxyl-free polymers were 
reacted with orthoesters of D-mannose, D-glucose, and L-glucose to give branched 
polymers. Deprotection of these branched polymers with sodium in liquid ammonia gave 
 




water-soluble (15)--D-ribofuranans possessing branches at the O2 or O3 positions 
which, after sulfation, exhibited blood-anticoagulant activity and anti-AIDS virus activity. 
 
As the second most abundant polysaccharide, chitin attracts significant attention 
owing to its non-toxicity, biocompatibility, and biodegradability, as well as its versatile 
biological activities such as antimicrobial activity and low immunogenicity.171 However, 
despite its wide-spread availability, the utilization of chitin is restricted by its low 
solubility in water and most common organic solvents.172 To explore the potential 
applications of chitin derivatives as antibacterial agents and in immunotherapy, Kurita 
and coworkers prepared a series of water-soluble branched chitins by glycosylation of 3-
O-acetyl-2-N-phthaloyl-6-trimethysilylchitosan (162) with 3,4,6-tri-O-acetyl-D-
mannopyranose-1,2-(methyl orthoacetate) (163) and 3,4,6-tri-O-acetyl-D-
galactopyranose-1,2-(methyl orthoacetate), followed by deprotection and N-acetylation 
(Figure 1.57). 173-174 
 




2-N-phthaloylchitosan (161) was selected as the precursor due to its solubility in polar 
organic solvents.156 Through a series of regioselective modification reactions including 
tritylation, acetylation, detritylation and trimethylsilylation, 161 was converted to 3-O-
acetyl-6-trimethysilyl-2-N-phthaloylchitosan (162), which was soluble in low boiling 
point solvents. The glycosylation reaction proceeded smoothly in dichloromethane in the 
presence of a catalytic amount of TMSOTf, and the FB reached up to 0.6. Deprotection 
of the polymers with hydrazine monohydrate afforded chitosans with (16)--mannose 
branches, which were subsequently transformed into the corresponding branched chitins 
(164) by N-acetylation. The branched chitins showed remarkable solubility in neutral 
water in contrast to the insoluble linear chitin and chitosan, and exhibited a specific 
affinity for Concanavalin A (Con A) owing to the presence of multiple (16)--
mannose branches. These branched chitins were susceptible to lysozyme, and the 
enzymatic degradation rate was heavily dependent on the FB. Furthermore, this branched 
chitosan exhibited considerable antimicrobial activity. 
Although the Bredereck reaction,163 the Helferich reaction,163 and the orthoester 
method 175 worked equally effective for introducing D-glucose side chains into the 2,3-di-
O-(N-phenylcarbamoyl) derivatives of amylose and cellulose, the orthoester reaction was 
more efficient for the synthesis of branched polysaccharides with longer side chains. The 
condensation of peracetylated 1,2-(ethyl orthoacetate) derivatives of maltose, 
maltotetraose, and maltohexaose with 2,3-di-O-(N-phenylcarbamoyl)-amylose and -
cellulose gave branched polysaccharides with side chains of different length after 




branching points introduced into amylose was 3-4, 10, and 17 D-glucose residues, 
respectively, which was considerably higher than that obtained previously by using the 
Bredereck and the Helferich reactions.163 The side chains of the resultant branched 
amylose and cellulose were easily extended by enzymatic synthesis with potato 
phosphorylase.175 
 
Accordingly, maltose branched chitins with FB up to 0.56 were prepared by 
glycosylation of 162 with a peracetylated orthoester derivative of D-maltose (165, Figure 
1.58).176 Complete deprotection of the polymers (166) gave chitosans with D-maltose 
branches, and subsequent N-acetylation afforded the corresponding branched chitins 
(167). The introduced disaccharide units improved the hydrophilic properties 
considerably compared to galactose branched chitins,174 as confirmed by higher solubility 
in water and moisture absorption and retention ability. However, the enzymatic 
 




degradability and antimicrobial activity were moderate probably due to the bulky nature 
of the branches. 
1.3.2.3 Glycosylation with sugar oxazolines 
 
In order to prepare branched chitin with (16)--linked glucosamine branches, 
Kurita et al. investigated the condensation of 2-methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy--
D-glucopyrano)-[2,1-d]-2-oxazoline (168) with polymer 162 and 3-O-acetyl-2-N-
phthaloylchitosan (168, Figure 1.59).161,177 The glycosylation reactions were performed in 
1,2-dichloroethane at 80 C in the presence of CSA, and both the chitosan precusors 
proved to suitable acceptors for the sugar oxazoline, giving branched polysaccharide 
derivatives (170) with FB up to 0.63.161 Complete deprotection was achieved in high 
yields (80-95%) by a one-step reaction with hydrazine monohydrate at 80 °C. Subsequent 
N-acetylation of the deprotected polysaccharides afforded the chitin with (16)--
glucosamine as side chains (171). A low extent of polysaccharide backbone degradation 
 




occurred during the synthetic procedures as indicated by a reduction in the molecular 
weight compared to that of original chitosan.  
Both the branched chitin and chitosan were readily soluble in neutral water and 
showed high moisture absorption and retention ability. The branched chitosan exhibited 
marked antimicrobial activity but reduced aggregation ability for bovine serum albumin 
(BSA) compared to chitosan probably due to the introduction of the bulky branches.177 
The immunostimulatory activities of 171 were also evaluated using the mouse 
macrophage-like cell line RAW264.7 in vitro, and compared with those of lentinan. It 
was found that these (16)--branched chitins stimulate macrophages directly to induce 
the secretions of tumor necrosis factor (TNF-) and nitric oxide (NO) significantly more 
effectively than lentinan. The amount of TNF- and NO secretion was dependent on the 
FB, and the branched chitins with FB of 0.22 and 0.45 were more effective. Moreover, 
the amount of NO secretion further increased when interferon- was used in conjunction 
with the branched chitins on macrophage treatment. These results suggested that the 
synthetic branched chitins would be useful as immunomodulating agents. 
     Although being useful as precursors to prepare branched chitin, the synthesis of 3-O-
acetyl-2-N-phthaloylchitosan (168) and 3-O-acetyl-2-N-phthaloyl-6-O-
trimethylsilylchitosan (162) required at least five and six modification reactions starting 
from chitin, respectively. Therefore, simple synthetic routes to the branched chitin were 
also explored. Recently, the Kurita group reported a straightforward procedure to prepare 
branched chitins by glycosylation of 3,6-di-O-trimethylsilylchitin with 169 using CSA as 




However, the regioselectivity of the glycosylation reaction was not elucidated, and the 
possibility of branching at the C3 position could not be excluded. Selective O-
deacetylation or thorough N,O-deacetylation of the glycosylation products gave chitins 
possessing N-acetyl-D-glucosamine branches or chitosans possessing D-glucosamine 
branches, respectively.  
Branched curdlans possessing (16)--linked glucosamine branches (174) were 
synthesized via the glycosylation of 2,4-di-O-(N-phenylcarbamoyl)-curdlan (172) with 
169, followed by removal of the O-(N-phenylcarbamoyl) and O-acetyl groups (Figure 
1.60) 14. Different FB values were obtained by varying the amount of the sugar oxazoline 
used, and with 10 equiv of sugar oxazoline, the FB reached 1.0. This was in sharp 
contrast with the maximum FB value of around 0.6 obtained in the glycosylation of 
phthaloylated chitosan derivative,161,177 implying that the -(13)-backbone of curdlan 
was more accessible than -(14)-backone of chitin during the reaction. Molecular 
weight measurement of curdlan and the derivatives by GPC and viscosity showed that 
degradation of curdlan backbone occurred mainly during the tritylation, 
phenylcarbamoylation, and detritylation reactions to prepare precursor 172 due to the 
harsh reaction conditions, and that the subsequent glycosylation did not reduce the 
molecular weight significantly. The hydroxyl-free branched curdlan exhibited remarkable 
solubility in both organic solvents and water. Treatment of mouse macrophage-like cells 
with 174 stimulated significantly higher level of both TNF- and NO than treatment with 




branched celluloses with FB values up to 0.50 were prepared by the glycosylation of 2,3-
di-O-phenylcarbamoyl-6-O-trimethylsilylcellulose with 169 followed by deprotection.179 
   
Reductive N-alkylation of aminopolysaccharides provides a convenient and 
straightforward method for regiospecific introduction of sugar branches to polysaccharide 
backbones, as the regioselectivity is ensured by the position of amino groups. This route 
also avoids the multi-step protection and deprotection reactions of the polysaccharide 
backones. In 2002, Vårum and coworkers synthesized branched aminopolysaccharides by 
the reductive N-alkylation of a fully de-N-acetylated chitosan (175) with a trisaccharide 
containing a reactive 2,5-anhydro-D-mannofuranose unit at the new reducing end (176 
Figure 1.61).180 The trisaccharide, 2-acetamido-2-deoxy-D-glucopyranosyl--(14)-2-
acetamido-2-deoxy-D-glucopyranosyl--(14)-2,5-anhydro-D-mannofuranose, was 
obtained from nitrous acid mediated degradation of a partially de-N-acetylated 
chitosan.181 The grafting reaction was performed in 0.1 M acetic acid with 0.1 M NaCl 
for 4 days followed by reduction with sodium cyanoborohydride (NaCNBH3), giving 
 





branched chitosans with FB up to 0.40 (177). The branched chitosan with FB of 0.40 was 
soluble in aqueous solution over the entire pH range. Gene delivery studies showed that 
the polyplexes formed by these branched chitosans and pDNA targeted the N-
acetylglucosamine-binding cell-surface lectins on airway epithelial cells and the human 
liver hepatocyte (HepG2) cells, and resulted in significantly improved gene delivery 
efficacy in vitro and in the mouse lung in vivo.182 This method was also extended to the 
synthesis of aminopolysaccharides with branch-on-branched structures.183-185 
     
1.4 Chemical synthesis of hyperbranched polysaccharides    
Hyperbranched polymers, which possess spherical architectures, are attracting 
significant attention from both academia and industry since Flory’s pioneering 
research.186 Compared to linear polymers, hyperbranched polymers exhibit low viscosity 
and high solubility, as well as multiple functional groups that can be readily modified 
leading to novel nanomaterials.187-197 Furthermore, in contrast to dendrimers which are 
constructed in tedious and stepwise approaches, hyperbranched polymers are prepared in 
a one-step reaction from monomers, thus are more synthetically accessible. As less 
 





expensive and more promising replacements for glycodendrimers, which have been 
found useful in various biochemical and medicinal research areas,198-200 chemical 
synthesis of hyperbranched polysaccharides are also extensively studied.197 Owing to the 
large number of carbohydrates presented on the surface of the spherical polymer 
structures, these polymers can potentially show increased binding affinity to 
glycoproteins due to the glycocluster effect,201-202 increasing their therapeutic efficacy 
compared to the carriers consisting of only monosaccharides or oligosaccharides. 
Hyperbranched polysaccharides were possibly first obtained during the earliest 
attempts to synthesize polysaccharides by polymerization of unprotected sugars and 
anhydrosugars. As the branching structures of these products were not sufficiently 
characterized, we will not discuss these work in detail and the reader is referred Goldstein 
and Hulla’s review.20 Today two strategies are used to prepare hyperbranched 
polysaccharides: 1) polycondensation of unprotected sugars or sugar halides; and 2) ring-
opening multi-branching polymerization of unprotected anhydrosugars and sugar 
oxazolines.  
1.4.1 Polycondensation of sugars and sugar halides 
In 1950, Pacsu and Mora reported the polycondensation of concentrated D-glucose 
solution in hydrochloric acid under reduced pressure at 0 to 45 C, giving a brittle and 
glassy product in 15-20% yield after dialysis and precipitation.203 The polyglucose 
obtained had a DP of 42 (by osmotic pressure measurement), and displayed a positive 
optical rotation of 108° in water. Methylation analysis showed that the polyglucose was a 




viscosity of the polyglucose was very low, about one-tenth of dextran with a similar 
molecular weight, confirming its hyperbranched structure.204 
Mora and Wood performed the first melt polymerization of D-glucose at 140-170 °C 
in the presence of catalytic amounts of phosphorous acid under vacuum.205 They 
employed three experimental methods: 1) melt polymerization with infrared heat 
(“infrared” method); 2) “solution melt” method plasticized with tetramethylene sulfone; 
and 3) “two-stage” process in which the first stage was a melt polymerization with direct 
heat resulting in a brittle resin which was then broken up and re-heated in powder form in 
a second stage. The “infrared” method led to an insoluble gel, indicating condensation 
between hydroxyls other than the anomeric hydroxyl. In contrast, the “solution melt” and 
“two-stage” polycondensation gave water-soluble polyglucoses. Catalysis by 
phosphorous acid afforded a polyglucose with Mn values between 3,250-28,800 g/mol in 
69-82% yields. However, the melt polycondensation in the absence of an acid catalyst 
resulted in a nondialyzable polymer in extremely low yields, along with extensive 
decomposition. The only product of acid hydrolysis of the polyglucose was D-glucose. 
Methylation analysis and periodate oxidation revealed that the polyglucose was a highly 
branched, randomly linked polysaccharide with various types of glycosidic linkages of 
both  and  conformation, in which (16)-bonds predominated due to the relative 
higher reactivity of the primary hydroxyl group than that of other secondary hydroxyls.206 
However, the regioselectivity was somewhat diminished at elevated temperatures, thus 
the proportion of other glycosidic linkages (12, 13 and 14) increased, giving 





The polycondensation of unprotected sugar monomers fell out of favor as a method 
for the synthesis of polysaccharides since the 1970s. However, in the 2000s, this method 
made a revival in the synthesis of hyperbranched polysaccharides. Suzuki et al. 
synthesized hyperbranched polysaccharides (179) with all types of glycosidic linkages by 
the solid-state polycondensation of several mono- and di-saccharides (Figure 1.62, using 
-glucopyranose (178) as an example).207 The polymerization was carried out in the 
presence of 5 mol% phosphoric acid at 110 C under N2 flow, and the reaction mixtures 
were powdery throughout the reaction. The Mw (1,400-19,000 g/mol) and conversions 
varied greatly depending on the monomer used. The -anomers polymerized much 
slower than the  anomers, though they eventually reached similar molecular weights. 
The mechanism involves the activation of an anomeric hydroxyl group by phosphoric 
acid, generating a oxocarbenium intermediate which then undergoes an intramolecular or 
intermolecular addition to a hydroxyl group producing the 1,6-anhydride terminal unit or 
the polymer chain, respectively. The 1,6-anhydride terminal unit participates in further 
 




polymerization after activation by the acid catalyst. The MALDI-TOF MS analysis 
revealed that chain-transfer reactions also took place during the polymerization.  
 
The solid-state polycondensation of natural pentopyranoses and 6-deoxy-
hexopyronoses (-D-Xylopyranose, -D-Arabinopyranose, -L-Rhamnopyranose, and 
-L-Fucopyranose) was also carried out under similar conditions, giving hyperbranched 
polysaccharides with Mw ranging from 2,700 to 12,000 g/mol in moderate to high 
yields.208 By methylation analysis and MALDI-TOF MS, it was found that the 
hyperbranched products were composed of both furanose and pyranose units. The 
polymerization proceeded via a similar mechanism to that reported for the hexoses, but 
the lack of a 6-OH group led to the formation of 1,4-anhydride terminal units (182) by 
the intramolecular attack of 4-OH group at the oxocarbenium ion (181), giving rise to the 
furanose repeating units within the polymer (Figure 1.63).  
The solid-state polycondensation of sugar fluorides proceeded efficiently without any 
catalyst at 110–160 C under vacuum, giving hyperbranched polysaccharides with Mw of 
 
Figure 1.63 Proposed mechanism for the formation of furanose units in the 




1,400-20,000 g/mol and monomer conversion of 40–95%.209 Methylation analysis 
suggested that the product polysaccharides had a highly branched structure consisting of 
all of the possible glycosidic linkages. MALDI-TOF mass analysis revealed that the 1,6-
anhydride terminal unit was formed and participated to the polymerization, indicating 
that the polymerization of sugar fluorides proceded via a mechanism similar to that of the 
solid-state polycondensation of natural sugars. 
In 2014, Le and coworkers reported a rapid method for the synthesis of polydextrose 
by the microwave-assisted solid-state polycondensation of glucose and sorbitol (8.9:1, 
w/w) in the presence of phosphoric acid.210 The polymerization, carried out at 120 C for 
2 minutes under microwave irradiation, afforded a hyperbranched polysaccharide with a 
DP of 13. In vitro fermentation revealed that the polydextrose possessed a biological 
function similar to Polydextrose-Litesse® in increasing the concentration of short chain 
fatty acid and decreasing pH. Using this method, a polymannose with a Mn of 2,100 
g/mol was also prepared in 91% yield, which corresponded to a DP of 15.211 The 
optimum condition for the polymerization was microwave output power 900 W, reaction 
temperature 115 C, proton concentration 2.5 mol/L, and microwave irradiation time 5 
minutes. Methylation analysis and NMR studies revealed that the polymannose was a 
highly branched polysaccharide with a backbone consisting of (1→3)--D-, (1→3)--D-, 
and (1→6)--D-mannopyranosyl residues, and the main chain was branched at the O2, 
O3, O4, O6 positions. Compared to other polycondensation methods of sugars, this 
microwave-assisted method proceeds more rapidly and yields hyperbranched 




1.4.2 Ring-opening multi-branching polymerization of anhydrosugars 
                  
 In 1959, Schuerch et al. studied the polymerization of 1,6-anhydro--D-
glucopyranose (185, Figure 1.64) under vacuum at 110-130 C using monochloroacetic 
acid as the catalyst.212 The resultant hyperbranched polysaccharide had Mw up to 21,000 
g/mol (determined by ultracentrifugation) and very broad PDIs. The Mw obtained by 
light scattering were consistently higher than those obtained by ultracentrifugation.213 
The viscosity of aqueous polyglucose solutions was very low as would be expected of 
highly branched polymers. Periodate oxidation of the product revealed that the 
polyglucose included approximately 55% glucose residues containing all three secondary 
hydroxyls (on C2, C3, and C6) unsubstituted, 35% glucose residues with an unsubstituted 
glycol (C2, C3 or C3, C4), and 10% of the units substituted on the C3 or disubstituted on 
the secondary positions. The positive optical rotations (905) of the polyglucose 
supported the conclusion that the polymers consisted of mixed - and -glucosidic 
linkages with a minor preference for -configuration, assuming that only glucopyranosyl 
residues existed.212,214 
The polymerization of 1,6-anhydro--D-mannopyranose (186) in the presence of 
monochloroacetic acid afforded a highly branched polymannose which, according to 
 




periodate oxidation, contained 42% of (16)- linkages, 36% of (14)- or (12)- 
linkages, and 22% of (13)- linkages.215 End group analysis, which involves 
determining the quantity of formaldehyde liberated upon periodate oxidation of the native 
and the borohydride-reduced polymer, showed that the polymannose had a DP of 113 and 
D-mannofuranosyl residues with unsubstituted hydroxyls on the C5 and C6 positions also 
existed in the polymer. The synthetic polymannose bound strongly with Con A, 
consistant with its highly branched structure containing multiple -D-mannopyranosyl 
residues at chain ends. 
The ring-opening multibranching polymerization of 1,6-anhydro--D-
galactopyranose (187) under similar conditions gave a highly branched polygalactose 
with Mw of 22,500 g/mol (ultracentrifugation) in 76% yield.216 However, the attempts to 
polymerize 1,6-anhydro-2-O-methyl--D-galactopyranose (188) were not successful, and 
a large proportion of the starting material was recovered from the reaction mixture. Based 
on these results, the authors proposed that the polymerization of 1,6-anhydrosugars 
proceeds via an intermediate related structurally to 1,2-anhydroglucopyranose, which was 
generated from the attack by the 2-hydroxyl group on the anhydro ring. Blocking or 
protecting the 2-hydroxyl greatly decreased the rate of polymerization by preventing the 
transformation of the relatively less reactive 1,6-anhydro ring to the relatively more 
reactive 1,2-anhydro ring intermediate. However, extensive examination of the 
substitution effect on the polymerization of 1,6-anhydrosugars suggested the reaction 
proceeds via an oxocarbenium intermediate in half-chair conformation.217 The conversion 




C2-C3 and C4-C5 bonds. An increase in the size of substituents on these positions 
increases the steric hindrance to this conformational change and raises the energy of the 
transition state, and thus decreases the rate of polymerization. It was suggested that the 
ring-opening multibranching polymerization of 1,6-anhydrosugars proceeds in two stages: 
1) an initial build-up of disaccharide, followed by 2) a slower growth to higher molecular 
weight material.213,217 
In spite of the successful polymerization of 1,6-anhydrosugars, the structures and 
properties of the resultant hyperbranched polysaccharides are insufficiently characterized. 
Meanwhile, the PDIs for the solid-state polymerization are found to be broad due to 
heterogeneous initiation reaction as well as limited diffusion of monomers and 
propagating species.  
In the beginning of this century, the ring-opening multibranching polymerization of 
1,6-anhydrosugars was re-investigated by the Kakuchi group.218 The thermally induced 
solution polymerization of 186 as a latent cyclic AB4-type monomer was carried out in 
propylene carbonate at 130-150 C, using 2-butenyltetramethylenesulfonium 
hexafluoroantimonate (189) as the initiator (Figure 1.65). This solution polymerization 
proceeded homogeneously for 5 minutes, and gradually became heterogeneous as the 
reaction continued, giving a gel-free hyperbranched polymannose (190) with Mw(GPC) 
up to 10,500 g/mol and narrow PDIs (<1.5). Static light scattering measurements showed 
that the polymannose had weight-average molecular weights (Mw(SLS)) ranging from 




suggesting that the polysaccharides displayed a spherical and compact configuration in 
solution. The polymannose exhibited very low intrinsic viscosities of 0.032-0.047 dL/g, 
only one tenth of that of the linear -(16)-D-mannopyranan with similar molecular 
weights. The NMR spectroscopy and methylation analysis revealed that the 
hyperbranched polysaccharide was composed of 19 kinds of - and -linked D-
mannopyranosyl and D-mannofuranosyl repeating units. The DB estimated by 
methylation analysis was in the range of 0.38-0.44, which was approximately consistent 
with the theoretical value of 0.42 for the AB4-type monomer 
219. The solution ring-
opening multibranching polymerization of 186 proceeded through the ring-opening 
proton transfer mechanism proposed by Seib et al. for the acid-catalyzed solid-state 
polymerization of 185, which involves the generation and dimerization of the 
oxocarbenium ion intermediate.217 The D-mannofuranosyl units of the polymannose are 
probably derived from the ring-opening reaction of 1,4-anhydro--D-mannopyranose 
 




derivative, which was generated by the intramolecular attack of the 4-OH at the C1 of the 
oxocarbenium intermediate.218    
The solution ring-opening multibranching polymerization of 185 under similar 
conditions gave a hyperbranched polyglucose consisting of 17 kinds of - and -linked 
the D-glucopyranosyl and D-glucofuranosyl repeating units, while the polymerization of 
187 produced a hyperbranched polygalactose composed of 23 kinds of - and -linked 
D-galactopyranosyl and D-galactofuranosyl repeating units.220 For the hyperbranched 
polymannose, polyglucose, and polygalactose obtained under the same polymerization 
conditions, the Mw(SLS), and yields followed the order of polymannose > polyglucose > 
polygalactose, indicating that the polymerizability of these monomers increased in the 
order of 187 < 185 < 186.221 The DB estimated by the methylation analysis was 
approximately 0.38 for the polyglucose and ranged from 0.43 to 0.60 for polygalactose, 
respectively. Methylation analysis also provided information about the reactivity of the 
three hydroxyl groups in the three 1,6-anhydrosugar monomers, i.e., 6-OH >> 2-OH = 4-
OH > 3-OH for 185, 6-OH >> 2-OH > 4-OH > 3-OH for 186, and 6-OH >> 3-OH > 2-
OH > 4-OH for 187. The polyglucose and polygalactose possessed very low intrinsic 
viscosity values between 0.023-0.042 dL/g. The aqueous polyglucose solution exhibited 
Newtonian behavior with steady shear viscosities independent of the shear rate as no 
physical entanglements occured in aqueous solution due to the spherical structures of the 
hyperbranched polysaccharides. 
Extension of this method to the polymerization of 1,6-anhydro--D-glucofuranose 




(193) afforded hyperbranched polysaccharides with Mw(SLS) of 10,200-58,400 g/mol  
and DB ranging from 0.40-0.46 (Figure 1.66).222 Methylation analysis revealed that the 
resultant hyperbranched polysaccharides (polyglucose, polymannose and polygalactose) 
contained a high portion of terminal 
units of 31-43 mol% nonreducing 
D-hexopyranosyl and D-
hexofuranosyl units, in which the 
D-hexofuranosyl units were 20-44 
mol%. It was proposed that the polymerization of these 1,6-anhydrohexofuranoses 
proceeded via the ring-opening proton transfer mechanism, and that during the reaction 
some of the 1,6-anhydro-D-hexofuranose derivatives were converted to 1,4-anhydro-D-
hexopyranose derivatives to produce the D-hexopyranosyl repeating units. Compared to 
monosaccharides, the polyglucose and polymannose strongly interacted with Con A 
(binding constant ranging from 1.7×104 to 2.7×105 M-1) due to the glycocluster effect of 
the numerous nonreducing sugar units on the surface of the hyperbranched structures. 
Interestingly, it was found that the nonreducing D-glucofuranosyl terminals unit of 
polyglucose enhanced the binding constant to Con A. 
The anionic and cationic ring-opening multibranching polymerization of 5,6-anhydro-
1,2-O-isopropylidene--D-glucofuranose (194) using potassium tert-butoxide (t-BuOK) 
or BF3•OEt2 as the initiator proceeded homogeneously to give hyperbranched polymers 
(195) in moderate yields (Figure 1.67).223 While the polymers obtained from the anionic 
polymerization had Mw(GPC) ranging from 1,400 to 2,100 g/mol, the polymer prepared 
 




by the cationic polymerization had a Mw(GPC) of 4,100 g/mol. Furthermore, when the 
slow-monomer-addition strategy was used, the cationic polymerization afforded a highly 
branched polymer with Mw(GPC) up to 8,600 g/mol. The Mw measured by multi-angle 
laser light scattering (MALLS) varied in the range from 7,400 to 122,400 g/mol, which 
were significantly higher than the Mw(GPC) values. The hyperbranched structures of 
these polymers were consistent with the low intrinsic viscosities and the small Mark–
Houwink–Sakurada exponents recorded (0.08-0.27). Removal of the 1,2-O-
isopropylidene groups under acidic conditions gave a water-soluble hyperbranched 
polyglucofuranose (196) with numerous reducing D-glucose units on the peripheries of 
the polymer. Due to the glycocluster effect or the multivalent effect of the reducing D-
glucose units, the polyglucofuranose exhibited a higher reducing ability than D-glucose 
and had the potential to be used as a sugar-based reductant.  
Very recently, Uemura and coworkers synthesized a polyglucose by the ring-opening 
polymerization of 1,6-anhydro--D-glucopyranose (185) in one-dimensional 
nanochannels of [La(1,3,5-benzenetrisbenzoate)(H2O)]n (Figure 1.68).
224 The monomer 
 




was introduced into the nanochannels by the immersion of degassed [La(1,3,5-
benzenetrisbenzoate)(H2O)]n in a MeOH solution of 185 followed by removal of the 
solvent under reduced pressure. The polymerization was peformed at 150 C using 1-
benzyltetrahydrothiophenium bromide (197) as the thermally induced cationic initiator. 
As the arrangement and diffusion of the monomer (molecular dimension=ca. 6 Å) was 
controlled by the one-dimensional nanochannel structures (pore size=10.7 Å), 
unfavorable cross-linking reactions were effectively suppressed. Therefore, the 
polymerization in these nanochannels afforded branched polysaccharides with lower DB 
and PDIs, but also in lower yields. After 96 hours of reaction, a quasi-linear polyglucose 
(198) with a Mn of 12,200 g/mol (PDI=1.3) was obtained in 22% yield. Methylation 
analysis revealed that the polymer consisted of 21% terminal units, 63% linear units, and 
16% semi-dendritic units with three linkages. Semi-dendritic units with four linkages and 
perfect dendritic unit were not detected. In contrast, the polyglucose obtained from 
solution polymerization of 185 was composed of 39% terminal units, 35% linear units, 19% 
semi-dendritic units with three linkages, 6% semi-dendritic units with four linkages and 1% 
perfect dendritic units, indicating that it was highly branched. These results quantitatively 
 




showed that branch formation reactions were effectively inhibited by polymerization in 
nanochannels. The quasi-linear polyglucose was completely soluble in water, DMF, and 
DMSO, and exhibited higher thermal stability than the hyperbranched polyglucose 
obtained from solution polymerization. This method was also extended to the preparation 
of polysaccharides with controllable mesoporosity.225  
             
Hyperbranched polysaccharides were also synthesized via cyclopolymerization of 
dianhydrosugar derivatives. In 2003, Kakuchi and coworkers reported the 
cyclopolymerization of 1,2:5,6-dianhydro-D-mannitol (199) using BF3•OEt2 and t-BuOK 
as the catalysts (Figure 1.69).226 As one of the two epoxy groups was consumed during 
intramolecular cyclization, 199 was classified as a latent AB3 type monomer. The 
cationic polymerization of 199 proceeded through a proton-transfer cyclopolymerization 
mechanism to afford hyperbranched polymers (200), whereas the anionic polymerization 
led to gel formation. The Mw(SLS) varied in the range of 208,000-2,690,000 g/mol, 
which were significantly higher than the Mw(GPC) values by GPC. The DB estimated by 
 




the 13C NMR measurements was 0.44-0.46, consistent with the theoretical value of 0.44 
for an AB3-type monomer.    
The ring-opening multibranching polymerization of sugar oxazolines was also 
employed to prepare hyperbranched polysaccharides. In 1998, Kadokawa et al. 
synthesized a hyperbranched aminopolysaccharide (202) by the acid-catalyzed 
polymerization of an oxazoline sugar monomer having two hydroxyl groups, namely, 2-
methyl-(6-O-tosyl-1,2-dideoxy--D-glucopyrano)-[2,1-d]-2-oxazoline (201, Figure 
1.70).227 The polymerization was carried out in refluxing 1,2-dichloroethane with 10 mol% 
CSA as the catalyst. The Mn of the resulting polymer measured by GPC varied from 
4,800-6,600 g/mol. The Mw determined by the light-scattering method were significantly 
higher (230,000-760,000 g/mol), indicating that the polymer exhibited a compact 
spherical conformation in solution. The 1H and 13C NMR spectra of the product showed 
that the hyperbranched aminopolysaccharide was composed of 2-acetylamino--
glucopyranose units, suggesting that the ring-opening multibranching polymerization 
proceeded stereospecificly via SN2 substitution at the anomeric carbon. The DB was 
estimated by calculation of the content of the terminal units in the total units from 1H 
NMR spectrum after the reaction of the polymer with 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane. It was found that polymer reached a perfect hyperbranched 
structure with a DB of about 0.5 after 3 hours of reaction.228 Detosylation of the polymer 
under alkaline conditions, possibly accompanied by partial deacetylation of the 
acetamido groups, afforded a hyperbranched aminopolysaccharide that was insoluble in 





In order to avoid deacetylation of the acetamido groups during deprotection, the 
authors subsequently prepared a benzyl protected sugar oxazoline monomer, i.e., 2-
methyl-(6-O-benzyl-1,2-dideoxy--D-glucopyrano)-[2,1-d]-2-oxazoline (203), and 
studied its polymerization under similar conditions.229 The DB of the benzylated 
hyperbranched aminopolysaccharide (204), which was estimated by the 1H NMR spectra 
of the products from the reaction of the hyperbranched polymer with 3,5-dinitrobenzoyl 
chloride, varied in the range of 0.18-0.59. Debenzylation of the polymer was carried out 
by catalytic hydrogenolysis to give the free hyperbranched aminopolysaccharide. 
However, the 1H NMR spectrum showed that the deprotection was incomplete and only 
82% of the benzyl groups were cleaved. 
1.5 Chemical synthesis of polysaccharide mimics with non-O-glycosidic linkages 
As we have discussed in Section 1, glycosidic linkages play a defining role in the 
structures, properties, as well as biological functions of polysaccharides. In order to 
 




synthesize polysaccharides with well-defined structures, it is necessary to strictly control 
the regiochemistry and stereochemistry of the glycosidic linkages within the polymer 
backbone, as even a small variation in this structural parameter may lead to significant 
changes in the conformation, property, and function of polysaccharides.23 However, 
perfect control over the stereospecificity and low efficiency of glycosidic bond forming 
reactions still remain challenges that hamper the development in polysaccharide synthesis. 
Additionally, such polysaccharides are susceptible to enzymatic biodegradation, limiting 
their application in various biological and biomedical areas. Therefore, in addition to 
developing new methods to prepare stereoregular polysaccharides, chemists are also 
interested in synthesizing non-O-glycosidic linked saccharide polymers, with the 
expectation to understand the structure and properties of natural polysaccharides, to 
increase enzymatic stability and in vivo residence time, and to create novel polymers and 
biocompatible materials with new structures and properties. 
Saccharide polymers, as defined by Buchholz et al., are a class of saccharide-based 
polymers in which the sugar moieties are incorporated into the main chain instead of 
suspended as side groups.230 From this broad perspective, they include various synthetic 
polymers with sugar-containing backbones, such as polyesters,231-235 polycarbonates,236-
238 polyamides,239-242 poly(ester amide)s,243-244 polyurethanes,245-250 and polyureas,251-253 
which are usually synthesized by ring-opening polymerization or polycondensation of 
sugar monomers with dicarboxylic acid chlorides or diisocyanates. However, in many of 
these polymers, the sugar moieties in the polymer backbone are usually either in open-




contain hydroxyl groups (as in case of 1,4:3,6-dianhydrohexitol-based polymers). In 
many ways, they are more like biodegradable synthetic plastics, instead of exhibiting 
structural or functional similarities to natural polysaccharides. Research in this area has 
been reviewed recently, and the reader is referred to several excellent reviews, as we will 
not discuss this area.254-257  Instead, we focus on those polymers that possess some of the 
major structural features comparable to natural polysaccharides, including a rigid 
polymer backbone containing heterocyclic ring structures, short linkages with less than 
three atoms, and a large number of hydroxyl groups. To avoid diffuseness, we will define 
saccharide polymers in a rather narrow sense as synthetic homopolymers and alternating 
polymers in which cyclic hydroxyl-containing sugar moieties are incorporated in the 
polymer backbone by short non-O-glycosidic linkages of 3 atoms.  
1.5.1 Saccharide polymers with amine linkages 
Polycondensation was the first synthetic route to prepare saccharide polymers with 
non-O-glycosidic linkages. Polymers prepared by this method are either homopolymers 
or, more commonly, alternating copolymers. Kadokawa and co-workers reported the 
synthesis of a novel amine-linked saccharide polymer by thermal polymerization of 6-
amino-6-deoxy-D-glucose (205) with the catalysis of acetic acid (Figure 1.71).258 The 
reaction proceeded via a mechanism involving the Amadori rearrangement to give a 
 




polymer with an aminoketose structure (206). As 6-amino-6-deoxy-D-glucose is not 
stable as a free base, the monomer was generated in situ by neutralization of the 
hydrochloride form with lithium carbonate in ethanol. Next, the reaction mixture was 
refluxed in the presence of acetic acid to afford the polymer as a precipitate in moderate 
yields (45-70%). The complete disappearance of the monomer anomeric proton peaks in 
NMR spectra confirmed that the polymerization proceeded through the reaction at the 
anomeric position. The highest molecular weight (Mn=13,000 g/mol after acetylation) 
and yield (70%) were obtained with a reaction time of three hours. Reaction times longer 
than three hours resulted in degradation of the backbone, affording polymers with lower 
molecular weights in lower yields. 
 
The polymerization of 2,6-diamino-2,6-dideoxy-D-glucose (207) was also performed 
in DMSO under similar conditions.259 The reaction proceeded smoothly even at room 
temperature to give a polymer (208) in moderate yields which, after acetylation, had Mn 
up to 11,000 g/mol. In order to determine the structure of the polymer, a model reaction 
 





of D-glucosamine (209) with benzhydrylamine (210) was carried out under the similar 
conditions (Figure 1.72). By comparing the 1H and 13C NMR spectra of the model 
compound (211), the polymer was composed of glucosamine repeating units linked by N-
glycosidic bonds, indicating that the polymerization of 207 proceeded through the 
selective condensation of the anomeric hydroxy group with an amino group at position 
C6 and Amadori rearrangement did not occur during the polymerization. The authors 
ascribed this phenomenon to the displacement of the hydroxyl group at the C2 position 
by an amino group, which rendered the formation of stable carbonyl group impossible.  
      
The thermal polymerization of chitobiose (212), which was prepared as the 
hydrochloride form by an enzymatic hydrolysis of chitosan, at 60-100 C in DMSO gave 
a water-soluble saccharide polymer with Mn ranging from 8,200 to 14,000 g/mol and 
broad PDIs of 1.8-5.4 (Figure 1.73).260 Addition of acetic acid promoted the 
polymerization and led to an amine-linked saccharide polymer (213) with higher 
molecular weights (28,000-49,000 g/mol) and narrower PDIs (1.2-1.6). The 1H and 13C 
NMR spectra of the polymerization product and the model compound 211 revealed that 
the saccharide polymer consisted of alternating O-glycosidic and N-glycosidic linkages. 
1.5.2 Saccharide polymers with orthoester linkages 
 




In 2013, Du and coworkers synthesized a glucose poly(orthoester) (214) by the 
polycondensation 2,3,4-tri-O-acetyl--D-glucopyranosyl bromide (1) with various 
promoters and bases (Figure 1.74).261 When the reaction was carried out in refluxing 
dichloromethane using tetrabutylammonium iodide (TBAI) as the promoter, a saccharide 
polymer with Mn of 6,600-6,900 g/mol was obtained in about 70% yields. In contrast, the 
polymerization performed in other solvents like toluene and pyridine, or with other 
promoters such as 
tetrabutylammonium bromide 
(TBABr), AgOTf, only resulted in 
low molecular weight oligomers. 
The polymerization of this 
difunctional monomer proceeded via 
a dioxalenium ion mechanism. The initiation step involves in situ formation of a highly 
reactive glycosyl iodide (216), and subsequent intramolecular attack of this glycosyl 
iodide by the participating 2-OAc group generates the dioxalenium ion. Then, the 6-
hydroxyl group of the next approaching monomer attacks the dioxalenium ion to form the 
orthoester linkage.  
Very recently, Du et al. successfully increased the molecular weights of polymer 214 
to 18,100 g/mol by using 4-(dimethylamino)pyridine (DMAP), triphenylphosphine (TPP), 
or imidazole as the promotors.43 The higher efficiency of these promotors was because 
the cationic leaving group of the intermediate (217, Figure 1.75) occupys the -position 
and facilitates the SN2 attack of 2-OAc from the  face to form the dioxalenium ion, 
 





favoring the formation of the orthoester linkage. In contrast, due to anomeric effect, the 
iodide group of 215 preferably occupies the -position and blocks the SN2-like attack of 
the 2-OAc group. Therefore, the generation of the dioxalenium ion requires in situ 
anomerization of the -glucosyl iodide to -glucosyl iodide (216), which increases the 
activation energy and adversely affects the formation of the orthoester linkage. Similarly, 
the polymerization of 2,3,4-tri-O-acetyl--D-galactopyranosyl bromide (3) using DMAP 
as the promoter afforded a galactose poly(orthoester) having a Mn of 14,500 g/mol and a 
PDI of 1.3.  
             
As orthoester linkages are sensitive to acidolysis, the glucose poly(orthoester) 
exhibited a pH-responsive degradation profile. No significant degradation was detected at 
pH 7.5 for 12 hours. However, degradation was accelerated at lower pH conditions, and 
the half-lives decreased to 0.9, 0.6, and 0.2 hours at pH 6, 5, and 4, respectively.261  
1.5.3 Saccharide polymers with carbamate linkages 
In 1997, Kadokawa and coworkers synthesized a carbamate-linked saccharide 
polymer (219) by the regioselective polycondensation of benzyl 1-O-benzyl-2-amino-2-
deoxy--D-glucopyranose hydrochloride (218) with carbon dioxide (CO2), using the 
 




triphenylphosphine/carbon tetrachloride/ base system as the condensing agent (Figure 
1.76).262 The copolymerization was carried out in DMF in the presence of the condensing 
agent under a CO2 atmosphere. A strong base, 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) 
was used because no reaction occurred with a weaker base such as triethylamine. The 
NMR and IR analyses of the product revealed that the polycondensation occured 
regioselectively between the 2-NH2 group, 6-OH group and CO2 to form the carbamate-
linked saccharide polymer. The Mn was estimated to be between 2,000-3,000 g/mol by 
GPC measurement after 
acetylation of 219. Protection 
of the anomeric hydroxyl 
group was crucial during the 
polymerization reaction, as D-
glucosamine hydrochloride did not copolymerize with CO2 under the same reaction 
conditions. 
1.5.4 Saccharide polymers with amide linkages 
Because of their unique conformational properties and potential medicinal 
applications, amide-linked oligosaccharide and polysaccharide mimetics have attracted 
significant attention.41,47,263-264 With sugar moieties linked by amide linkages, these 
molecules exhibit both carbohydrate properties as well as peptide properties, and are thus 
coined ‘carbopeptoid’ or “saccharide-peptide hybrid”.41 Carbopeptoids are usually 
constructed from sugar amino acids in stepwise approaches, which are sometimes tedious 
and time-consuming.46,265-267 Meanwhile, the stepwise approach is not applicable to the 
 





synthesis of longer carbopeptoids. Therefore, polymerization methods are also 
investigated for the synthesis of high molecular weight saccharide polymers with amide-
linkages.  
In 1975, Fuchs and Lehmann reported the first attempt to synthesize an amide-linked 
saccharide polymer by the polycondensation of the methyl ester of 5-amino-2,6-anhydro-
5-deoxy-D-glycero-D-gulo-heptonic acid hydrochloride in presence of sodium 
methoxide.268 Depending on the reaction conditions, oligomeric and polymeric products 
were obtained. However, these products were not fully characterized. In 1998, Nishimura 





(DPPA) as the promoter, 
the polycondensation of 1-O-dodecyl-2-amino-2-deoxy--D-glucopyranosiduronic acid 
(220) proceeded smoothly in DMSO in the presence of triethylamine to give an amide-
linked saccharide polymer (221) with a molecular weight in the range of 700–4,500 
g/mol by the MALDI-TOF MS (Figure 1.77). Due to the amphiphilic property of the 
repeating unit, this polymer formed a highly ordered stable monolayer via spreading of a 
dilute DMSO-CHCl3 solution on a pure water surface.  
Ring-opening polymerization was also employed to synthesize saccharide polymers 
units with non-O-glycosidic linkages. As with polycondensation, the products can be 
 





either homopolymers or alternating copolymers. The first example on ring-opening 
polymerization of a sugar-based lactam was reported by the Hashimoto group in 1992.270 
The optically active bicyclic lactam monomer, i.e., (1S,4S,5R)-4-(benzyloxy)-8-oxa-6-
azabicyclo[3.2.1]oct-2-en-7-one (222), was obtained from D-glucuronic acid 
involving 8 reaction steps. The presence of the internal double bond in the six-membered 
ring increases the ring strain of the bicyclic lactam and promotes the polymerization. 
Using potassium pyrrolidonate (223) as the catalyst, the anionic ring-opening 
polymerization of 222 proceeded homogenously at -40 oC in DMF to afford a linear 
polymer with Mn up to 15,600 g/mol in high yields. The PDIs of the polymer were very 
broad (4.6-6.0). The polymer obtained in the early stage of polymerization had a (16)-
5,6-dihydro-2H-pyran repeating unit (224) with []25D value of -37
o. However, in the 
later stages of polymerization it rearranged to a polymer consisting of (16)-5,6-
dihydro-4H-pyran unit (225) ([]25D value: +27
o) through proton abstraction from the -
methine adjacent to the amide-carbonyl groups (Figure 1.78).  
Recently, the Grinstaff group synthesized a stereoregular glucose poly-amido-
saccharide (228) via the anionic ring-opening polymerization of a glucose-based -lactam 
monomer, i.e., 2-carboxy-2-deoxy-3,4,6-tri-O-benzyl--D-glucopyranosyl -
 





aminolactam (226), followed by subsequent debenzylation (Figure 1.79).271 This poly-
amido-saccharide had a novel main chain structure composed of glucopyranose repeating 
units joined by (12)--amide linkages. The enantiopure monomer was prepared in one 
step through the stereospecific [2+2] cycloaddition of commercially available 3,4,6-tri-O-
benzyl-D-glucal with chlorosulfonyl isocyanate (CSI). By comparing the ring strains of a 
series of -lactams, it was found that the polymerization of 226 was thermodynamically 
favored due to the large ring strain of the bicyclic -lactam structure, as well as steric 
interactions between benzyl groups which were relieved upon opening of the four-
membered lactam ring. Using lithium bis(trimethylsilyl)amide (LiHMDS) as the base and  
 
4-tert-butylbenzoyl chloride (227) as the initiator, the polymerization of 226 proceeded in 
a controlled manner under mild reaction conditions to give a benzylated polymer with 
narrow PDIs (<1.2) and with predictable DP up to 120 in high yields (84-96%). In situ IR 
monitoring of the reaction revealed that the monomer was completely consumed in less 
than 5 minutes at 25 °C. Debenzylation of the polymer with sodium in liquid ammonia 
afforded the glucose poly-amido-saccharide as a white powder in high yields (78-98%). 
Based on the circular dichroism (CD) study, polymer 228 possesses a helical 
conformation in aqueous solutions.  
 




The water solubility of 228 was limited (>5.0 mg/mL, 2.0 mg/mL and 1.0 mg/mL for 
the 25mer, 50mer, and 100mer in pure water, respectively) and decreased over time as a 
precipitate formed within 1-2 hours. TEMPO-mediated oxidation of the primary hydroxyl 
groups of the glucose poly-amido-saccharide gave a more water-soluble carboxylated 
polysaccharide mimetic.272 The CD spectrum showed that the carboxylated poly-amido-
saccharide retained the ordered helical secondary structure in aqueous solutions, and 
molecular weight characterization by GPC indicated that the oxidation reactions did not 
cause degradation to the polymer backbone. 
Similarly, a galactose poly-amido-saccharide with Mn up to 35,000 g/mol was 
obtained from 2-carboxy-2-deoxy-3,4,6-tri-O-benzyl--D-galactopyranosyl -
aminolactam (229) using 4-nitrobenzoyl chloride as the initiator, followed by 
debenzylation.273 Compared to polymer 228, this galactose poly-amido-saccharide 
exhibited much higher water solubility (>100mg/mL), even though the only difference of 
these two amide-linked saccharide polymers lies in the configuration of the 4-OH on the 
pyranose rings. Calculations of radial distribution functions, which correlate water 
molecules to key hydrophilic groups along the poly-amido-saccharides, indicated that 
there was a measurably closer contact between water molecules and hydroxyl groups in 
sugar moieties for galactose poly-amido-saccharide compared to that within the glucose 
poly-amido-saccharide.274 Monomer 229 was also polymerized using Cbz-6-
aminohexanoic acid pentafluorophenol ester (230) as the initiator (Figure 1.80). However, 
due to the relative lower initiation reactivity of 230, the polymer obtained was found to 




4-nitrobenzoyl chloride. Deprotection of the benzyl groups and the terminal Cbz group 
was achieved in one step with sodium in liquid ammonia, affording a galactose poly-
amido-saccharide with a terminal primary amino group (231), which allows subsequent 
end-functionalization. 
 
Using two pentafluorophenol ester initiators that contain one or two palmitamide 
chains, a series of amphiphilic poly-amido-saccharides were prepared by ring-opening 
polymerization and copolymerization of 226 and 229 followed by deprotection.275 The 
ability of these saccharide polymers to modulate biofilm formation was evaluated by a 
Gram-negative bacterium Pseudomonas aeruginosa. From a library of eight amphiphilic 
poly-amido-saccharides, the authors identified one amphiphile that promoted biofilm 
formation and two amphiphiles that inhibited biofilm formation. Similarly, stereoregular 
3,4,6-tri-O-octylated glucose poly-amido-saccharides were also synthesized.276 At room 
temperature, these polymers form lamellar phases. Upon heating to mild temperatures (ca. 
60 °C), the shortest polymer shows a direct transition to the isotropic liquid state, while 
the longer polymers afforded a hexagonal columnar phase before becoming isotropic at 
higher temperatures (ca. 120 °C). 
1.5.5 Saccharide polymers with carbonate linkages 
 




Owing to its excellent degradability and biocompatibility, polycarbonates are 
attracting considerable attention as alternative polymer plastics for widespread industrial 
and biomedical applications.277-290 As a renewable and easily accessible natural feedstock, 
carbohydrates are used as building blocks for the construction of novel biodegradable and 
non-toxic sugar polycarbonates, which can also be viewed as saccharide polymers with 
carbonate linkages.291-293  
Gross and coworkers 
synthesized a sugar-based six-
membered cyclic carbonate, 
namely, 1,2-O-isopropylidene-D-
xylofuranose-3,5-cyclic carbonate 
(232), and studied its 
polymerization using various catalysts (Figure 1.81).294 Due to the steric hindrance of the 
bulky substituent around the cyclic carbonate moiety, only low molecular weight 
polymers were obtained when Sn(Oct)2, MAO, AlEt3-H2O, ZnEt2-H2O, and Et2AlOEt 
were used as the catalysts. Under the catalysis of t-BuOK, the anionic ring-opening 
polymerization of 232 proceeded smoothly to afford a polycarbonate (233) with a Mn of 
9,800 g/mol in 44% yield after 3 hours. Extending the reaction time to 11 hours led to 
degradation of the backbone due to the intra- and inter-chain transfer reactions between 
carbonate groups. Yttrium(III) tris(isopropoxide) (Y(OiPr)3) was also effective to 
catalyze the polymerization, giving a polycarbonate with Mn up to 13,200 g/mol in 
moderate yields. However, undesired chain-transfer reactions still occured with this 
 





catalyst. The polymerization of 232 proceeded via an “oxygen-anion-attacked acyloxygen 
bond cleavage” mechanism, where the acyl-oxygen bond cleavage occurs randomly at 
either side of the carbonate carbonyl group, leading to a polymer backbone with three 
different linkages: head-to-head (HH), head-to-tail (HT) and tail-to-tail (TT) in a 
statistical ratio (1:2:1). Due to the backbone rigidity and restricted rotation imposed by 
the sugar ring and side groups, polymer 233 possessed a high glass transition temperature 
(Tg) of 128 oC. Removal of the pendant ketal groups by using CF3COOH/H2O was 
incomplete and chain cross-linking reaction occured during the deprotection process.  
   
A few years later, Gross et al. designed another sugar-based 6-membered cyclic 
carbonate monomer, 1,2-O-isopropylidene-3-benzyloxy-pentofuranose-4,4'-cyclic 
carbonate, with orthogonal protecting groups on hydroxyl groups.295 This monomer was 
successfully polymerized to afford a carbonate-linked saccharide polymer with a Mn of 
7,870 g/mol. However, the reaction yield was low (28%) likely due to the steric 
hindrance of the monomer. 
While the Gross group polymerized 6-membered cyclic carbonates, Haba and Endo et 
al. investigated the anionic ring-opening polymerization of a 5-membered cyclic 
carbonate sugar monomer, namely, methyl 4,6-O-benzylidene-2,3-O-carbonyl--D-
 





glucopyranose (234, Figure 1.82).296 Using DBU as the catalyst, a carbonate-linked 
saccharide polymer (235) with Mn up to 14,000 g/mol was obtained in high yields at low 
temperatures (30-60 C). Typically, elimination of CO2 was observed in the anionic ring-
opening polymerization of five-membered carbonates due to thermodynamically 
unfavorable feature of the reaction and the high reaction temperatures required.297 
However, based on the structural analysis from hydrolysis of the polymer by GPC and 
NMR spectroscopy, the anionic ring-opening polymerization of 234 proceeded smoothly 
without the occurrence of CO2 elimination, giving a sugar polycarbonate with no ether-
linkages. This unexpected polymerization was thought to be a consequence of the high 
ring strain of the monomer, in which the carbonate ring fuses to a bicyclic and rigid 
trans-decalin fragment in trans fashion. 
Recently, Endo and coworkers conducted a detailed examination of the effect of 
polymerization conditions (initiator, solvent, time, and monomer concentration) on the 
anionic ring-opening polymerization of 234.298 While DMAP and pyridine failed to 
initiate polymerization, n-BuLi, t-BuOLi, t-BuONa, t-BuOK, and DBU gave polymers 
with Mn ranging from 5,700 to 13,700 g/mol. When DBU was used as the initiator, the 
yields and molecular weights of the resultant polycarbonate decreased as the monomer 
concentration decreased from 1 mol/L to 0.5 mol/L. The polymerization dependence on 
the monomer and initiator concentrations was ascribed to the reversibility of the initiation 
step: the nucleophilic addition of DBU to the 5-membered cyclic carbonate. It was found 




234 under the conditions used, leading to decrease of molecular weights with extended 
reaction times.           
In order to investigate the relationship between the chemical structure and 
polymerizability of five-membered bicyclic carbonates, Haba and coworkers studied the 
anionic ring-opening polymerization of monomer 234 and two other sugar-based cyclic 
carbonates, namely, methyl 4,6-O-benzylidene-2,3-O-carbonyl--D-galactopyranose 
(236) and methyl 4,6-O-benzylidene-2,3-
O-carbonyl--D-mannopyranose (237, 
Figure 1.83).299 The polymerization 
reactions were performed at 90 oC using 
DBU as the catalyst and benzyl alcohol 
as the initiator. Under these conditions, 
the polymerization of 234 and 236 proceeded smoothly without the elimination of CO2 to 
give polycarbonates with Mn ranging from 3,100 to 4,000 g/mol, while 237 failed to 
polymerize. Based on the ring-closing model reactions of three acyclic carbonates as well 
as single-crystal X-ray structural analysis, the polymerizability of 234 and 236 was 
ascribed to the high ring strain of the five-membered cyclic carbonates caused by the 
trans-fused pyranose ring. In contrast, with the pyranose ring cis-fused to the cyclic 
carbonate, the 5-membered carbonate ring in 237 was much more stable, thus could not 
undergo anionic ring-opening polymerizaiton under the same conditions.  
In 2013, Wooley et al. reported the controlled anionic ring-opening polymerization of 
a glucose-based 6-membered cyclic carbonate, i.e., 1,2,3-tri-O-methyl-4,6-O-carbonyl--
 
Figure 1.83 Structuers of sugar-based five-




D-glucopyranose (238), using 4-methylbenzyl alcohol (239) as the initiator and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as the organocatalyst (Figure 1.84).300 The resultant 
carbonate-linked saccharide polymer (240) had Mn up to 12,800 g/mol and narrow PDIs 
(<1.2). As reported by Gross in the polymerization of 232, the anionic ring-opening 
polymerization of 238 also propagated non-regioselectively to give a distribution of HH, 
HT and TT linkages along the polymer backbone. This glucose-based polycarbonate 
degraded at relatively low temperatures (250−320 °C). Based on mass spectroscopy, a 
mechanism involving abstraction of a proton from the C3 or C5 of the sugar ring by the 
carbonyl group was proposed for the thermal degradation. 
  
     The controlled ring-opening polymerization of 1-O-methyl-2,3-O-isopropylidene-4,6-
O-carbonate--D-mannopyranose (241) under similar conditions afforded a mannose-
based polycarbonate (242) with Mn up to 33,400 g/mol and narrow PDIs (Figure 1.85). A 
close agreement between the calculated molecular weights and those determined by GPC 
was observed over a range of monomer to catalyst feed ratios. However, GPC traces for 
the polymer with Mn above 15,000 g/mol showed a shoulder or slight bimodality, 
suggesting that backbiting reactions occurred at low catalyst loadings. This was also 
supported by MALDI-TOF MS which revealed a cyclic series with sugar carbonate 
 




repeating units and no end group. In contrast to the D-xylose- (233) and D-glucose-based 
(240) polycarbonates consisted of a distribution of HH, HT, and TT regiochemistries, 
NMR spectra revealed that only HT carbonate linkages existed in this mannose-based 
polycarbonate. Consistent with experimental findings, DFT calculations suggested that in 
the TDB-catalyzed polymerization of 241, the hydroxyl nucleophiles (either the intiator 
239 or propagating species) attack the carbonate carbonyl group of the monomer from the 
less hindered primary face, resulting in regioselective cleavage of the acyl-oxygen bond 
between the carbonate carbonyl and the secondary hydroxyl group. Polymer 242 
exhibited resistance to high-temperature and acid hydrolysis (HCl 1 mol/L) over 14 days, 
suggesting its potential application as high-performance commodity and biomedical 
materials. 
 
Very recently, Wooley et al. synthesized four types of polycarbonates with different 
backbone regio-connectivity by the polycondensation of glucose-based diols with 
phosgene, which was generated in situ from triphosgene, in presence of pyridine.301 The 
regioisomeric diol monomers, namely, 2,3,6-tri-O-benzyl-D-glucopyranoside (243), 
2,3,4-tri-O-Benzyl-D-glucopyranoside (244), methyl 3,4-Di-O-benzyl--D-
glucopyranoside (245), and methyl 2,4-Di-O-benzyl--D-glucopyranoside (246, Figure 
 





1.86) were prepared from methyl 4,6-O-benzylidene--D-glucopyranoside or methyl -
D-glucopyranoside by employing established carbohydrate protection and deprotection 
chemistries. The copolymerization of monomer 243 or 244, having an active hydroxyl at 
the anomeric position, with triphosgene resulted in 1,4- or 1,6-linked polycarbonates with 
low Mn (< 8, 000 g/mol). In contrast, the copolymerization of 245 and 246 afforded the 
corresponding 2,6- and 3,6-linked polymers with significantly higher Mn (12,400-42,000 
g/mol). The polycarbonates with 2,6- and 3,6- backbone connectivity exhibited 
significantly higher Tg and thermal stability. 
       
1.5.6 Saccharide polymers with C-O linkages 
 
Saccharide polymers with C-O linkages were prepared by cyclopolymerization of 
1,2:5,6-dianhydrohexitols. The first example of this type of polymerization was described 
by Hashimoto et al. in 1991, in which 1,2:5,6-dianhydro-3,4-di-O-ethyl-D-mannitol (247) 
was polymerized by BF3•OEt2 to give a sticky semisolid saccharide polymer consisting 
 
Figure 1.86 Structures of regioisomeric glucose-based diol monomers 
 





of 2,5-anhydro-3,4-di-O-ethyl-D-glucitol (248) as repeating units (Figure 1.87).302 
However, following studies revealed that the polymer also contained a very small amount 
of six-membered cyclic repeating units.303-304 The cyclopolymerization reaction 
proceeded homogeneously without gelation to afford a polymer with Mn ranging from 
2,780 to 6,140 g/mol, which corresponded to DPs of 14-30.304 Polymer 248 was soluble 
in chloroform, methanol, tetrahydrofuran, and water, but insoluble in n-hexane.  
 
As the polymer consisted mainly of (16)-linked D-glucitol as repeating units, the 
cationic polymerization of 247 was proposed to proceed through a cyclopolymerization 
mechanism with ,-scission (Figure 1.88).304 An intramolecular cyclization occurs via 
the ring-opening of the first epoxide with the inversion of configuration by an SN2 attack 
of the second epoxide moiety on the  carbon of the former oxonium ion (-scission, 
249). Next, ring-opening of the second epoxide occurs at the -carbon with retention of 
the configuration as this attack approach is sterically favorable during the intermolecular 
propagation (-scission, 250), generating a saccharide polymer with (16)-linked D-
 





glucitol repeating units (251). In contrast, the more sterically hindered -scission of the 
second epoxide (252) leads to the formation of six-membered ring as the minor repeating 
units (253).  
The BF3•OEt2 catalyzed polymerization of 1,2:5,6-dianhydro-3,4-di-O-allyl-D-
mannitol (254) in CH2Cl2 afforded a saccharide polymer (255) with Mn up to 4,890 
g/mol (Figure 1.89).305 The deallylation of polymer 255 using Pd/C as the catalyst in 
ethanol/acetic acid proceeded completely to give a poly[(16)-2,5-anhydro-D-glucitol] 
(256) which was soluble in water but insoluble in chloroform and THF. 
   
 
The anionic cyclopolymerization of 1,2:5,6-dianhydro-3,4-di-O-methyl-D-mannitol 
(257) was also investigated using potassium t-BuOK as the catalyst, producing a well-
defined saccharide polymer (258, Figure 1.90) with Mn up to 12,900 g/mol in high 
yields.302 Compared to the cationic 
polymerization, the polymer obtained 
in the anionic cyclopolymerization 
had higher regio- and stereoselectivity 
and consisted exclusively of five-
 
Figure 1.89 Polymerization of 1,2:5,6-dianhydro-3,4-di-O-allyl-D-mannitol 
 





membered 2,5-anhydro-3,4-di-O-methyl-D-glucitol as repeating units. The DP measured 
from GPC were larger than those estimated from catalyst loadings due to the limited 
solubility of t-BuOK in toluene. Addition of 18-crown-6 to the reaction mixture allowed 
the molecular weights to approach the theoretical values by increasing the solubility and 
the initiation efficiency of the catalyst.  
 
The anionic polymerization proceeded via the cyclopolymerization mechanism with 
,-scission (Figure 1.91). In the intermolecular reaction, the growing alkoxy anion 
attacks the -carbon of the first epoxide with retention of the configuration, producing a 
new alkoyl anion (260). In the intramolecular cyclization, this alkoxy anion cleaves the 
-bond of the second epoxide with the inversion of configuration, generating a 5-
membered ring (261). The regioselectivity in the cyclization was rationalized by the 
Baldwin rules, which explain ring closure on the basis of the stereoelectronic effect.                
Besides 1,2:5,6-dianhydro-D-mannitol derivatives, the cyclopolymerization of other 
dianhydrosugar derivatives, such as 1,2:5,6-dianhydro-L-iditol, -D-glucitol, -allitol, -
galactitol, and 1,2:4,5-dianhydro-3-O-methyl-xylitol were also studied. An insightful 
comprehensive review on this specific polymerization was reported by Satoh and 
 





Kakuchi in 2004,306 and as such the details of these cyclopolymerization will not be 
discussed here and the reader is referred to that review for additional information.  
1.5.7 Saccharide polymers with C-C linkages 
 
In addition to polycondensation and ring-opening polymerization, free radical 
polymerization and copolymerization of unsaturated monosaccharides were also 
employed to prepare saccharide polymers. The first attempt was made by Koyama and 
coworkers in 1987, in which they successfully copolymerized 3,4,6-tri-O-benzyl-D-
glucal (262) with maleic anhydride (263) using azobisisobutyronitrile (AIBN) as the 
initiator at 60 °C (Figure 1.92). However, due to the steric hindrance in the propagation 
step, the polymer (264) obtained had low DPs (ranging from 8.4 to 9.6) and low sugar 
contents (33.7-45.2 mol%).307  
The copolymerization of maleic anhydride with a less hindered furanose glycal, 3-O-
benzyl-1,2-dideoxy-5,6-O-isopropylidene-D-arabino-hex-1-enofuranose (265) was more 
successful, giving a saccharide polymer (266) with DP ranging from 16.6 to 31.1 (Figure 
1.93).308 The NMR spectra of the saccharide polymer revealed that it contained an almost 
constant sugar content (50.2-58.3 mol%) even though the feed ratios of the furanoid 
 




glycal to maleic anhydride were varied from 25:75 to 75:25. The authors suggested that 
copolymerization occurred in alternating manner as the both monomer 265 and maleic 
anhydride did not homopolymerize under the same conditions. 
 
The free radical copolymerization of 3,4,6-tri-O-acetyl-glucal (267) with maleic 
anhydride at 60 C or 80 C gave rise to an alternating copolymer (268) with low Mn 
ranging from 1,900 to 3,600 g/mol in low yields (Figure 1.94).309 Raising the reaction 
temperature to 95 C increased the Mn to 4,200 g/mol, which corresponded to a DP of 
11.3.310 Alkaline hydrolysis of the polymer resulted in a saccharide polymer (269) which 
was soluble in polar solvents, such as water, DMF, DMSO, methanol, and ethanol. 
 
 
Figure 1.93 Copolymerization of 1,2-dideoxy-5,6-O-isopropylidene-D-arabino-hex-1-
enofuranose with maleic anhydride 
 
 






Free radical polymerization and copolymerization of exo-glycals was also studied. In 
1995, Buchholz and coworkers reported the homo- and copolymerization of an 
unsaturated furanose derivative, namely, methyl 5-deoxy-2,3-O-isopropylidene--D-
erythro-pent-4-eno-furanoside (270, Figure 1.95).311 The homopolymerization of this 
monomer was carried out at 120 °C or 130 °C using di-tert-butyl peroxide as the initiator, 
which led only to oligomers with Mn below 1,700 g/mol. Side reactions such as ring-
opening of the furanose ring were observed during polymerization. However, using 
benzoyl peroxide (BPO) as the initiator, the copolymerization of 270 with maleic 
anhydride proceeded smoothly at 80 °C without ring-opening side reactions to afford an 
alternating saccharide polymer (272) with a Mn of 55,000 g/mol in 61% yield. The 
copolymerization of 270 with other unsaturated monomers, such as methyl acrylate, 
methyl methacrylate, and acrylonitrile, gave random copolymers with different sugar 
contents.  
1.6 Chemical synthesis of pseudopolysaccharides from non-carbohydrate sources 
Despite the difference in linkages, the polysaccharides and polysaccharide mimetics 
discussed above possess a common structural feature: they are all synthesized from 
sugar-derived monomers. Researchers are also interested in designing and synthesizing 
 
Figure 1.95 Copolymerization of methyl 5-deoxy-2,3-O-isopropylidene--D-erythro-pent-4-





polysaccharide analogues that mimic the structures or the functions of natural 
polysaccharides from non-carbohydrate sources. These polymers usually contain five- or 
six-membered heterocyclic rings in the polymer backbone,  three atom spacers between 
repeat units, and a large number of hydroxyl groups. Such polymers are of potential use 
as drug carriers, biocompatible material, and surface coatings.    
1.6.1 Ring-opening polymerization of unsaturated bicyclic acetals 
 
In 1978, Okada and coworkers synthesized a new polysaccharide-type polymer 
containing two hydroxyl groups in its repeating units, namely, poly(trans-3,4-
dihydroxytetrahydropyran-6,2-diyloxymethylene) (276), by the ring-opening 
polymerization of 6,8-dioxabicyclo[3.2.1]oct-3-ene (273) followed by post-
polymerization modification (Figure 1.96).312 The polymerization was carried out at -
78 °C in dichlormethane using BF3•OEt2 as the initiator. After polymerization, the 
unsaturated polymer 274 (Mn=7,200 g/mol) was epoxidized with m-chloroperbenzoic 
acid (mCPBA) or with benzonitrile-hydrogen peroxide, followed by hydrolysis with 
potassium hydroxide.  The resultant pseudopolysaccharide 276 had two trans hydroxyl 
 




groups and was soluble in water and dimethyl sulfoxide, but insoluble in common 
organic solvents. Degradation of the polymer backbone was observed during both 
oxidation and hydrolysis reactions. Meanwhile, due to low stereoselectivity of mCPBA or 
benzonitrile-hydrogen peroxide oxidation and hydrolysis, polymer 276 was 
stereoirregular. In contrast, osmium tetroxide/hydrogen peroxide oxidation of polymer 
274 yielded a stereoregular pseudopolysaccharide (278) having two vicinal cis hydroxyl 
groups in the tetrahydropyran repeating unit.313 Based on the 1H and 13C NMR studies, 
the OsO4-catalyzed oxidation proceeded stereospecifically due to the steric restriction of 
the polymer chain which allowed OsO4 to react with the olefinic bond only from the less 
hindered side. Polymer 278 displayed similar solubility to that of polymer 276, and could 
be degraded by microbes.  
The anticoagulant activity of the corresponding sulfated polysaccharide analogues of 
polymers 276 and 278 was also studied and compared to that of a sulfated dextran with a 
similar DP.314 Interestingly, the anticoagulant activity increased in the order: cis-
disubstituted polymer 279 < sulfated dextran < trans-disubstituted polymer 277, 
suggesting that the spatial arrangement of sulfate groups was an important factor to the 
anticoagulant activity of the sulfated dextran-type polymers. In order to synthesize 
aminopolysaccharide analogues, polymer 275 was reacted with ammonia or 
dimethylamine in aqueous solutions to yield polysaccharides containing the 
corresponding amino groups.315 These aminopolysaccharide analogues bound copper (II) 
ion in aqueous solutions and inhibited the growth of microorganisms. 




As a powerful and broadly applicable polymerization technique, ring-opening 
metathesis polymerization (ROMP) has been successfully applied to the synthesis of 
well-defined glycopolymers of various architectures and with unique bioactivities.316-323 
In addition to these glycopolymers in which sugar units exist as pendant groups, 
pseudopolysaccharides which contain heterocyclic rings in the polymer backbone and a 
large number of hydrophilic functional groups in the repeating units were prepared by the 
ROMP of oxanorbornene derivatives followed by subsequent functionalization. The first 
example of this type of polymer was described by Lee et al. in 1998 324. Aimed at 
preparing biocompatible anti-viral polymers with long half-lives, the authors synthesized 
a type of pseudopolysaccharides via the ring-opening metathesis polymerization of 2,3-
dihydroxy-7-oxanorbornene derivatives. Direct polymerization of these monomers only 
resulted in insoluble oligomers as precipitates. However, after the protection of the two 
hydroxyl groups with isopropylidene group or acetyl groups, the polymerization reactions 
proceeded smoothly with a moderate control over the molecular weights and PDIs (1.3-
1.8).  
Building upon Lee’s research, Muelhaupt and coworkers synthesized fully 
hydroxylated polyribofuranose analogues by the polymerization of protected 2,3-
dihydroxy-7-oxanorbornenes followed by catalytic dihydroxylation and deprotection 
(Figure 1.97).325 The ring-opening metathesis polymerization of exo,exo-2,3-O-
isopropylidene-7-oxanorbornene (280) gave a polyoxanorbornene (282) with Mn ranging 
from 19,300 to 36,600 g/mol and PDIs of 1.42-1.51. The polymerization of the endo 




with relatively lower molecular weights (7,100-14,800 g/mol). Dihydroxylation of 
polymer 282 with osmium tetroxide/N-methylmorpholine N-oxide proceeded completely 
without degradation to give a dihydroxylated polymer (283), which was only partially 
soluble in water but fully soluble in methanol. In contrast, the dihydroxylated polymer 
obtained from polymer 285 was completely soluble in water and methanol. Removal of 
the isopropylidene groups with CF3COOH–H2O (9:1 by volume) afforded two water 
insoluble polyribofuranose analogues (284 and 285), which contained four hydroxyl 
groups in each repeating unit. The solubility properties of these pseudopolysaccharides 
were similar to that of cellulose, probably because superstructures were formed via 
intermolecular hydrogen bonding.325 
 
Recently, Grinstaff and coworkers synthesized of a water-soluble 
pseudopolysaccharide via the ROMP of 7-oxanorbornene-2-carboxylic acid methyl ester 
(289, Figure 1.98).326-327 After polymerization, the resultant high molecular weight 
polyolefin (290) was hydrolyzed and hydroxylated through two pathways, giving an 
 




alginate analogue with one carboxyl group and two hydroxyl groups per repeating unit 
(293). Interestingly, hydroxylation of the double bonds in the polymer resulted in a 
dramatic viscosity decrease in solution due to the loss of backbone rigidity. This non-
cytotoxic alginate analogue complexed with polylysine in water to form a hydrogel, and 
can be potentially used in tissue engineering or drug delivery systems.  
     
1.7 Reflections and concluding remarks 
Recent advances in the chemical synthesis of polysaccharides with different 
architectures, polysaccharide mimetics with various non-O-glycosidic linkages, as well as 
polysaccharides and pseudopolysaccharides from non-carbohydrate sources are described 
along with key prior literature reports which provided the foundation for these studies. 
Natural and unnatural polysaccharides with linear, branched, and hyperbranched 
architectures are successfully synthesized by ring-opening polymerization of bicyclic or 
tricyclic sugar derivatives, and polycondensation of difunctional or unprotected 
monomers. The most successful methods include cationic ring-opening polymerization of 
 




anhydrosugars and polycondensation of tritylated sugar cyanoethylidene derivatives. The 
former method affords high molecular weight stereoregular (16)-glycopyranans and 
(15)-glycofuranans, while the latter gives 1,2-trans-linked stereoregular 
polysaccharides with limited molecular weights. One of the attractive features of the 
trityl-cyanoethylidene polycondensation is that it can be used to synthesize fairly 
complex heteropolysaccharides via the polymerization of disaccharide or oligosaccharide 
monomers. However, despite these significant acomplishments, it is also important to 
recognize that current methods are unable to produce well-defined complex polymers 
which replicate the structures of natural polysaccharides. Challenges in regiochemical 
and stereochemical control of the glycosidic bond formation, as well as in producing high 
molecular weight polymers still limit the progress in polysaccharide synthesis.  Further 
development in this field requires creative collaboration between synthetic organic 
chemists, glycochemists, and polymer chemists. In order to synthesize high molecular 
weight complex polysaccharides with well-defined structures, the following areas are 
worthy of additional attention: 1) optimization of current polymerization methods and 
identification of new glycosylation reactions which afford various types of O-glycosidic 
linkages stereospecificly, as well as minimize the chain transfer and termination 
processes; 2) development of synthetic glycochemistry which allows easier access to 
complex sugar monomers, especially difunctional oligosaccharide monomers for 
polycondensation; 3) identification of new protecting groups that are less bulky and can 
be selectively removed under mild conditions without degrading the polysaccharide 




polysaccharide synthesis in a cost-effective and environmentally friendly manner. It is 
noteworthy that enzymatic polymerization of sugar monomers has gained significant 
attention in the last two decades as an attractive and promising method for the synthesis 
of polysaccharides.40 Enzymatic approaches offer many advantages when compared to 
conventional chemical methods, such as absolute regio- and stereospecificity during 
polymerization, free of protective groups and side reactions, and mild reaction 
conditions.328 
To bypass the difficulties in constructing O-glycosidic linkages and to prepare novel 
polymers possessing structural or functional similarities to natural polysaccharides, 
polysaccharide mimetics possessing non-O-glycosidic short linkages, such as amine, 
urethane, orthoester, amide, and carbonate linkages, are synthesized via polycondensation 
and ring-opening polymerization of sugar-based monomers. With sugar residues 
alternatively spaced by artificial linkages, these saccharide polymers also exhibit 
characteristics similar to those of the industrial polymers, and can be potentially used as 
biodegradable and biocompatible materials in the consumer and biomedical industries. 
Finally, pseudopolysaccharides synthesized from non-carbohydrate monomers represent 
a burgeoning class of polymers, which mimic the structures or physiochemical properties 
of natural polysaccharides.  
In summary, advancements in chemical synthesis and methodology are enabling 
chemists to prepare well-defined polysaccharides and polysaccharide mimetics for study. 
That said significant opportunities still exist today for continued refinement and 




catalysts and synthetic methodologies. As chemistry becomes more and more 
interdisciplinary, the resultant close collaborations with experts in other areas of 
chemistry (e.g., biochemistry and biological chemistry) and other fields (e.g., medicine, 
engineering) will spark new fundamental research as well as identify new applications for 




CHAPTER 2. Design and Synthesis of Altrose Poly-amido-saccharides with a Right-
handed Helical Conformation 
2.1 Introduction 
Polysaccharides are structurally and compositionally diverse biopolymers that 
perform many essential roles in biology and medicine.1,7 Despite their importance, the 
synthesis of polysaccharides lags behind that of proteins and nucleic acids due to their 
structural complexity.2-3 Compared to proteins and nucleic acids which are linear 
polymers connected by a specific type of achiral linkage, polysaccharides can be 
branched and possess different regio- and stereo-types of linkages,5,8 and, thus, are 
challenging synthetic targets.4,28,329-330 Specifically, the challenges in synthesizing well-
defined polysaccharides arise from: 1) defining the regioselectivity due to existence of 
multiple hydroxyl groups with similar reactivity;20   2) controlling the stereochemical 
outcome of glycosidic bond forming reactions;21,23 and 3) low efficiencies of 
glycosylation reactions.29 Various polycondensation and ring-opening polymerization 
methods have been applied to the synthesis of polysaccharides.331-332 Among these 
methods, the most successful one is the cationic ring-opening polymerization of 
anhydrosugars developed by Schuerch et al. in the 1960s and 1970s.25-26 This method 
enables the synthesis of stereoregular -1,6-linked polysaccharides with high degrees of 
polymerization (DP >100),78-79,333-334 but is less effective in preparing well-defined 
polysaccharides with other linkages, such as 1,4-linked and 1,2-linked 
polysaccharides.96,98,104,109,111,335 Enzymatic polycondensation of sugar fluorides and 




absolute control over regio- and stereospecificity.40,336-337 Although this approach avoids 
the use of protecting groups, it requires expensive activated monomers and currently 
suffers from a narrow scope of transferase-mediated glycosylations.338 
The above challenges, and limited synthetic approaches to conventional 
polysaccharides, have inspired chemists to replace the natural O-glycosidic bonds with 
achiral linkages that can be constructed with higher efficiency,339-342 such as amide,343-346 
carbonate,346-347 and phosphodiester 348-349 linkages. Recently, the Grinstaff group 
described a methodology to synthesize stereoregular poly-amido-saccharides (PASs) via 
the anionic ring-opening polymerization of benzylated sugar -lactams followed by Birch 
reduction.271-273 These PASs possess a novel main chain composed of either 
glucopyranose (Glc-) or galactopyranose (Gal-) repeating units joined by -N-(12)-D-
amide linkages, and adopt left-handed helical conformations.274  
Our current interest lies in expanding the monomer library for PASs and controlling 
polymer conformation a priori through pre-installed structural signals in the monomer. 
The later is especially important, as the functions of biopolymers, such as molecular 
recognition and catalysis, are largely attributable to their ability to fold and self-assemble 
 




into specific and well-defined conformations.350-351 Advances in chemical synthesis and 
methodology have enabled the construction of various foldamers that can mimic the 
secondary structures of proteins and nucleic acids.263,352-353 However, the design and 
synthesis of polymers that are predisposed to fold into a specified secondary 
conformation remains challenging and is an active area of research.354-357  Both the Glc- 
and Gal-PASs adopt similar left-handed helical conformations because the chain 
extension proceeds specifically via ring-opening of the 4-membered -lactam which are 
cis-fused to the -face of the pyranose rings (Figure 2.1A).358-359 This lactam ring 
configuration is determined by the stereochemically controlled [2+2] cycloaddition 
reaction between the glycal and chlorosulfonyl isocyanate (CSI): the isocyanate 
approaches the glycal molecule stereospecifically anti with respect to the 3-benzyloxyl 
group which is oriented to the -face of the pyranose rings.360 Based on this rationale, the 
stereospecific [2+2] cycloaddition between CSI and a glycal with the 3-benzyloxyl group 
oriented to the -face of the pyranose ring would yield a monomer with the -lactam ring 
cis-fused to the -face of the pyranose rings, and we hypothesize that the anionic ring-
opening polymerization of such a monomer would afford a -N-(12)-D-amide linked 
PAS adopting a right-handed helical conformation (Figure 2.1B). Herein, we describe 
such a right-handed PAS and specifically report the: 1) stereospecific synthesis of an 
altrose -lactam monomer (Alt-lactam) and evaluation of the lactam ring-opening 
reactivity; 2) anionic ring-opening polymerization of the Alt-lactam to give polymers 
with DP of 20-50; 3) conformational analysis of the deprotected -N-(12)-D-linked 






Figure 2.2 Synthesis of the Alt-lactam monomer 
2.2 Monomer Synthesis 
The monomer, Alt-lactam, was synthesized using established carbohydrate chemistry 
(Figure 2.2). D-allopyranose (A1), the C-2 epimer of D-altropyranose, was used as the 
starting material due to its commercial availability. Compound A1 was converted into 
2,3,4,6-tetra-O-acetyl--D-allopyranosyl bromide (A2) through O-acetylation followed 
by treatment with hydrobromic acid in the presence of acetic anhydride.361 Reductive 
elimination of A2 was performed with zinc and N-methylimidazole (NMI) in refluxing 
ethyl acetate to afford 3,4,6-tri-O-acetyl-D-altral (A3) as a white solid.362 Compound A3 
was deacetylated, and subsequently benzylated by reaction with benzyl bromide in the 
presence of sodium hydride in N,N-dimethylformamide (DMF), as the benzyl protecting 
group is more stable under the cycloaddition and anionic ring-opening polymerization 
reaction conditions. The [2+2] cycloaddition of 3,4,6-tri-O-benzyl-D-altral (A4) was 
attempted initially using CSI, but only ring-opened byproducts were obtained.360 
However, the reaction of A4 with trichloroacetyl isocyanate (TCAI) proceeded smoothly 
in acetonitrile at room temperature, providing the Alt-lactam as a colorless viscous liquid, 




structure of monomer Alt-lactam was characterized and confirmed by 1H NMR, 13C 
NMR, COSY, HSQC, and HMBC combined with FT-IR spectroscopy, and electrospray 
ionization mass spectrometry (ESI-MS) analyses (SI).  
2.3 Evaluation of Monomer Reactivity 
It has been reported that the polymerizability of bicyclic sugar monomers is 
significantly affected by the configuration patterns of the hydroxyl groups and steric 
interactions released upon ring-opening of the anhydro ring.85-86 For example, 1,6-
anhydro-2,3,4-tri-O-benzyl--D-glucopyranose,80 -mannopyranose,82 -galactopyranose,81 
and -allopyranose83 showed high reactivity for homopolymerization and 
copolymerization. In contrast, 1,6-anhydro-2,3,4-tri-O-benzyl--D-altropyranose 
exhibited negligible homopolymerizability, and could only be copolymerized with 1,6-
anhydro-2,3,4-tri-O-benzyl--D-glucopyranose.365 In order to evaluate the ring-opening 
ability of sugar -lactams, the reactivity of the N-t-butylacetyl derivative of Alt-lactam 
(A5) and Glc-lactam (A6) was determined, as the propagating chain ends are also an N- 
           
    
Figure 2.3 (A) Aminolysis reactions of N-acyllactams A5 and A6 with n-propylamine. (B) 
Kinetic analyses of the aminolysis reactions in deuterated chloroform at 25 C: a: 




acyllactam type and the propagation proceeds via ring-opening of this N-acyllactam.270 
The aminolysis reactions of A5 and A6 with n-propylamine in deuterated chloroform at 
25 C were monitored in real time by 1H NMR spectroscopy by comparing the anomeric 
proton resonances of the reactants and corresponding products. The apparent rate 
constants were calculated by using the equation for second-order reactions. As shown in 
Figure 2.3B, the value of k for the aminolysis reaction of A5 (k=1.09x10-4 L•mol-1•s-1) is 
about one fifth of that for the ring-opening reaction of A6 (k=5.42x10-4 L•mol-1•s-1), 
indicating its relative lower ring-opening reactivity. This may be due to a smaller ring 
strain for the Alt-lactam monomer compared to the glc-lactam monomer, as observed for 
1,6-anhydro-2,3,4-tri-O-benzyl--D-altropyranose.84 Steric hin drance may also play an 
important role, as the 5-benzyloxylmethyl group is oriented on the same face with the 
four-membered -lactam ring. However, the observed decrease in aminolysis rate for A5 
in comparison to A6 does not necessarily preclude the successful polymer monomer 8-
oxa-6-azabicyclo[3.2.1]octan-7-one, which has a five-membered lactam and a rate of 
aminolysis (k=0.83x10-4 L•mol-1•s-1) less than that of A5,270 readily polymerized using its 
N-benzoyl derivative as the initiator and potassium pyrrolidonate as the catalyst.366-367   
According to NMR analysis, compound A7 has small J-couplings between protons 
H1 and H2 (3.0 Hz), H2 and H3 (3.4 Hz), H3 and H4 (3.3 Hz), and a large coupling 
between protons H4 and H5 (9.3 Hz), indicating that A7 adopts a 4C1chair conformation. 
The strong NOE correlation between protons H1 and H5 in A7 reveals that the amide 
substituent at C1 orients equatorially in the  face of the pyranose ring, confirming the  




2.4 Polymerization and Deprotection 
The ring-opening polymerization of monomer Alt-lactam was first performed with a 
monomer-to-initiator feed ratio ([M]/[I]) of 40:1 in anhydrous THF at 0 C, using lithium 
bis(trimethylsilyl)amide (LiHMDS) as the catalyst and t-butylacetyl chloride as the 
initiator (Figure 2.4).368 This initiator was selected because the t-butylacetyl group was 
stable under both the polymerization and deprotection reaction conditions, and would 
enable straightforward end-group analysis by 1H NMR spectroscopy. After initiation of 
polymerization, aliquots were taken from the reaction at predetermined time points in 
order to monitor the monomer conversions and the growth of the polymer chains as a 
function of time. The monomer conversions were determined using 1H NMR spectra by 
comparing the integration of the anomeric protons from the monomer (5.28 ppm) and the 
polymer (5.81 ppm). The number-average molecular weights (Mn) were calculated by 
comparison of the integration of the t-butyl protons (0.95 ppm) originating from the 
initiator with the anomeric proton of the polymer chain. As shown in Figure S2.1, 
monomers were not completely consumed after four hours of reaction (81.5%). This is in 
sharp contrast to the polymerization of the glc-lactam, in which monomer conversion 
reached to 100% within five minutes with a [M]/[I] of 50:1.358 The Mn of the polymer 
 
 




increased linearly with monomer conversion, and finally reached to 17,230 g/mol, which 
corresponded to a DP of 37.2 (Figure S2.2).  
 
 
In order to obtain Alt-PASs of different chain lengths, the polymerization of Alt-
lactam was conducted by varying the [M]/[I] from 20:1 to 60:1 (Table 2.1). The reaction 
times were extended for high [M]/[I] ratios in order to achieve greater monomer 
conversions. The resultant polymers (Alt-PASs') were purified by repeated precipitation 
from dichloromethane into hexane and then into methanol. In the 13C NMR spectra of the 
           
Figure 2.5 (A) The GPC elution curves for Alt-PASs' (normalized LS intensity versus 
elution time). (B) Linear dependence of Mn (filled circles) of polymer Alt-PASs' on 
monomer-to-initiator ratio ([M]/[I]) and polydispersities (open circles). 
 Table 2.1 Polymerization of Monomer 1 at Different Monomer-to-Initiator ([M]/[I]) 
Ratios 
   Entry [M]/[I]a Time (h) Mn(theo)b Mn(GPC)c   Đd DP(NMR) Conv. e 
AP1'  20:1 3  8460  8290 1.12   20.5 91.0 
AP2'  30:1 4 12360 12950 1.15   29.6 88.9 
AP3'  40:1 5 16060 17020 1.16   37.7 86.8 
AP4'  60:1 6 22050 23640 1.27   52.6 79.6 
a All reactions were conducted in THF at 0C, using t-butylacetyl chloride as the initiator and 
LiHMDS as the catalyst. b Calculated based on [M]/[I] ratios and monomer conversion, g/mol. c 







polymers, all the carbon signals corresponding to sugar repeating units appeared as single 
peaks (Figure S2.4), indicating that the polymers are stereoregular and epimerization did 
not occur at either the C1 or C2 position of the pyranose ring. The Mn values were 
determined by 1H NMR end group analysis and by gel permeation chromatography 
(GPC). GPC analysis showed that all the polymers displayed a narrow monomodal 
molecular weight distribution (Đ=1.12-1.27), and the Mn values increased linearly with 
stoichiometry (Figure 2.5). The Mn obtained by 
1H NMR and GPC were fairly close to 
the expected values based on the [M]/[I] ratios, indicating the formation of well-defined 
polymers. However, GPC monitoring of the polymerization reaction with [M]/[I]=60:1 
showed a slight broadening of molecular weight distributions with extending the reaction 
time (Figure S2.5), possibly due to undesired chain-transfer or chain termination 
reactions. The IR spectra of Alt-PASs' show strong amide I band at 1667 cm-1 and amide 
II band at 1495 cm-1, which is consistent with the poly--peptide nature of the polymer 
backbone (Figure S2.6). Polymers Alt-PASs' are soluble in THF, chloroform, 
dichloromethane, DMF, and dimethyl sulfoxide (DMSO). 
2.5 Alt-PASs Characterization 
The debenzylation of polymers AP1'-AP4' was performed using sodium metal in 
liquid ammonia at -52 C followed by extensive dialysis against water. Lyophilization of 
the resultant solutions afforded deprotected Alt-PASs as fluffy white solids, which were 
characterized by NMR, IR, and aqueous GPC against dextran standards. Complete 
removal of the benzyl groups was confirmed by the disappearance of the aromatic proton 




C-H stretch at 3000-3100 cm-1 in IR spectra (Figure 2.6). The 1H NMR spectra of these 
Alt-PASs show broad peaks (Figure S2.7), which is in contrast to the well-resolved 
signals and couplings of Glc-PASs, possibly due to existence of different altropyranose 
ring conformations.369-371 Increasing the temperature from 25 C to 90 C leads to the 
sharpening of the 1H NMR signals to some extent (Figure S2.8). Based on GPC analysis, 
Alt-PASs have Mn values ranging from 3730 to 8410 g/mol with narrow dispersities 
(Đ=1.21-1.36). The DP measured by 1H NMR and GPC are in good agreement with the 
corresponding values for the benzylated polymers (Table 2.1), indicating that the 
deprotection process proceeded efficiently without noticeable degradation of the polymer 
backbone. The MALDI-TOF spectrum of AP1 showed a molecular weight range in good 
agreement with the theoretical mass of the potassium adduct as well as the expected
 





spacings of 189 amu between the species of different DP. The repeated attempts to 
analyze the larger polymers (AP2, AP3, and AP4) were unsuccessful likely due to low 
ionization efficiency of high molecular weight polysaccharides.372-373 Specific optical 
rotations ([] 25
D
) measured in water range from +6.7° for AP1 to +10.6° for AP4, 
consistent with the  configuration of glycosidic linkages.93,107 The Alt-PASs are highly 
soluble in water. All the polymers were soluble at 50.0 mg/mL, and the solutions were 
stable and remained clear through 7 days of observation (higher concentrations were not 
investigated). For comparison, the water solubility for the Glc-PAS with a DP of 50 was 
2.0 mg/mL, and decreased over time due to aggregation of the polymer chains.358  
2.6 Conformation Analysis  
To investigate the solution conformation of the Alt-PASs, circular dichroism (CD) 
spectra of Alt-PASs were recorded in water at room temperature. As shown in Figure 2.7, 
the CD spectra of Alt-PASs display a minimum at 184 nm (mean residue ellipticity 
(MRE)= -17,000 deg•cm2•dmol-1) and a maximum at 223 nm (MRE= 7,500 
deg•cm2•dmol-1), similar to the CD spectra of the Glc-PASs but with opposite sign, 
indicating that the Alt-PASs adopt a right-handed helical conformation in water.274 
  Table 2.1 Characterization of Debenzylated Alt-PASs 
  Entry   Mn(theo)a   Mn(GPC)b   DP(GPC)    Đc  DP(NMR)d    []𝟐𝟓
𝐃
 (°)   Yield (%) 
AP1 3460     3730 18.2  1.22    23.2     +6.7     74.0 
AP2 5390     5470 27.4  1.21    32.1     +9.5     77.3 
AP3 7180     6560 33.2  1.25    41.0     +8.6     86.7 
AP4 9780     8410 43.0  1.36    51.7    +10.6     94.8 
a Calculated based on the molecular weights of benzylated polymers, g/mol. b Determined by 





Interestingly, the CD spectra also display a small positive absorption at 203 nm, which is 
attributable to the parallel -* exciton band.374 The CD spectrum of Glc-PASs does not 
show such a parallel -* band, and the minimum is slightly blue-shifted to 220 nm, 
probably due to the overlapping of the n-* transition with the parallel -* transition 
(Figure 2.7A, Inset).374 It was reported that self-association of helices could also lead to a 
characteristic band at 204 nm.375-377 However, this possibility was ruled out by the 
observation that there was no change in the intensity of the CD spectra upon a 16-fold 
dilution of AP3 solution (0.80-0.050 M, Figure S2.9). Addition of methanol (up to 75% 
by volume), which is known as a strong structure-promoting solvent for both - and -
peptides,378-382 did not increase the CD intensity of the 223 nm maximum (Figure S2.10), 
suggesting that these polymers are fully folded in water.383-384 The absolute MRE values 
of AP1 at 184 nm and 223 nm are slightly smaller than those values for AP2-AP4, 
possibly due to a larger contribution of less-fixed terminal residues.385 
        
 
Figure 2.7 (A) CD spectra of the deprotected Alt-PASs in water. The inset shows the CD 





Molecular dynamics simulations revealed that the amide groups of the Glc-PASs are 
oriented orthogonal to the helix axis and interact predominantly with solvent water 
molecules.274 In order to gain further insight on the conformational stability of the Alt-
PASs, the CD spectra of AP3 in various solutions were recorded (Figure S2.11-2.14). As 
shown in Figure 2.7B, the CD spectra remained unchanged over a broad pH range from 
2.0 to 12.0 or in presence of high ionic strength (2.0 M LiCl, NaCl and KCl).386 
Introduction of 4.0 M urea or guanidinium chloride, two common protein denaturants, 
had no effect on the CD intensity of AP3.384 Heating from 5 to 75 °C caused only a 
modest diminution of the intensity of the characteristic maximum at 223 nm.387 These     
results indicate that the secondary structure of the Alt-PASs is robust and inter-residue 
 
 Figure 2.8 Hydrogen-deuterium exchange for AP2. Amide proton signal disappeared after 6 




hydrogen bond between peptide bonds is not the major contributor to conformational 
stability. This observation is consistent with the rapid amide proton exchange rate along 
the PAS backbone (Figure 2.8). NH/ND exchange for AP2 was complete within 6 min, 
indicating that the amide protons are not protected by intramolecular hydrogen bonds. 
This highly stabilized helical structure observed in the Alt-PASs is likely due to the 
backbone constraints provided by the conformationally restricted pyranose rings.274,388-391 
2.7 Cytotoxicity Assay 
As a first step towards future use 
of these polymers in medicine, we 
evaluated the cytotoxicity of Alt-
PASs against human embryonic 
kidney (HEK293), human cervix 
adenocarcinoma (HeLa), and mouse 
embryonic fibroblast (NIH3T3) cells 
in vitro. The rationale for selecting 
these three cell lines was to assess 
toxicity against: 1) cells originating from two different species (human and mouse); 2) a 
human healthy, normal cell line versus a cell line derived from a cancer cells (HEK293 
vs. HeLa); and 3) a cell line used in standard pre-clinical FDA biocompatibilty/safety 
testing (NIH3T3). The cells were incubated for 24 hours with various concentrations of 
Alt-PASs. The relative viabilities of polymer-treated cells were measured by a MTS cell 
proliferation assay and normalized to the values of medium-treated control cells. As 
 
 
Figure 2.9 Cytotoxicity study for polymer Alt-
PASs against HEK, HeLa, and NIH3T3 cell lines at 




shown in Figure 2.9 and Figure S2.15-2.16, the Alt-PASs are non-cytotoxic to these cell 
lines at concentrations up to 1000 g•mL-1. The cell viabilities for the Alt-PASs are 
comparable to those for the Glc-PASs (Figure S2.16B), indicating that the chain 
conformation of PASs does not have an impact on cytotoxicity. 
2.8 Conclusions 
In conclusion, a strategy to synthesize polymers with a defined helical conformation 
(right- vs left-handed) in aqueous solution is described by installing the structural cues in 
the monomer for subsequent polymerization. Using this strategy, the first synthesis of 
poly-amido-saccharides with -N-(12)-D-amide linkages is reported. Specifically, an 
altrose -lactam monomer is prepared efficiently by the stereospecific [2+2] 
cycloaddition of trichloroacetyl isocynate with 3,4,6-tri-O-benzyl-D-altral, which has a 3-
benzyloxyl group oriented to the -face of the pyranose ring, giving a monomer with the 
-lactam cis-fused to the -face of the pyranose rings. Although exhibiting lower 
reactivity compared to the glc-lactam monomer, the anionic ring-opening polymerization 
of this Alt-lactam proceeds steoreospecifically to give well-defined polymers with 
predictable molecular weights and narrow dispersities. Deprotection of the benzylated 
polymers affords water-soluble Alt-PASs which adopt a right-handed helical 
conformation in aqueous solutions. This conformation is stable over a wide range of 
different conditions, such as pH, temperature, ionic salts, as well as in the presence of 
protein denaturants. Cytotoxicity studies reveal that the Alt-PASs are non-cytotoxic to 




From a chemical design perspective, PASs bridge the compositional space between 
polypeptides and polysaccharides, and exhibit key characteristics of both classes of 
biopolymers. Given the composition, chemical features of both peptides and 
polysaccharides, and control over the solution conformation, PASs are of interest for 
biomedical applications and we are identifying such uses. One example would be for the 
encapsulation of cells and subsequent in vivo implantation for treatment of diabetes – 
polysaccharide have been extensively investigated for this application with varying 
success.392 Finally, studies are ongoing to further expand the repertoire of sugar -lactam 
monomers that are amenable to this anionic ring-opening polymerization and to prepare 
new polymers that are predisposed to fold into specific ordered secondary structures. 
2.9 Materials and Methods  
Materials and instrumentation 
Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar, and were 
used as received unless otherwise noted. D-allopyranose and 3,4,6-tri-O-benzyl-D-glucal 
starting materials were purchased from Carbosynth, LLC (San Diego, California). 
Solvents used for the polymerization reactions were dried and freshly distilled prior to 
use. All reactions were carried out under nitrogen using standard techniques, unless 
otherwise noted. Lyophilization was performed using a Virtis Benchtop 4K freeze dryer 
Model 4BT4K2L-105 at -40 C. 1H NMR and 13C NMR spectra were recorded on a 
Varian INOVA 500MHz spectrometer. Infrared spectroscopy (IR) was performed on a 
Nicolet FT-IR with a horizontal attenuated total reflectance (ATR) adapter plate. Specific 




operating at 589 nm in a 50 mm pathlength cell. Protected polymer molecular weights 
were determined by gel permeation chromatography (GPC) versus polystyrene standards 
using THF as the eluent at a flow rate of 1.0 mL/min through two Jordi columns (Jordi 
Gel DVB 105 Å and Jordi Gel DVB 104 Å, 7.8 x 300 mm) at 25 °C in series with a 
refractive index detector. Deprotected polymer molecular weights were determined by 
aqueous GPC versus dextran standards using aqueous buffer (0.2 M NaNO3, 0.010 M 
phosphate buffer, pH 7.5) as the eluent at a flow rate of 0.5 mL/min through two PL 
aquagel columns (OH 60 micron, 7.8 x 300 mm) at 25 °C with a refractive index 
detector. Circular dichroism (CD) studies were performed in a 1 mm path length cuvette 
using an Applied Photophysics CS/2Chirascan with a standard Mercury lamp. 
NH/ND Exchange Experiment Procedure 
NMR data were collected on a 500 MHz, Bruker Avance III, NMR spectrometer 
equipped with a cryogenic probe. 100mM of P2 sample were first prepared in 5mM 
sodium acetate at pH 5.0 with 1mM trimethysilyl propanoic acid as reference. The 
sample was then lyophilized. Hydrogen-deuterium exchange was initiated with the 
addition of 99.8% D2O and 
1D-1H-NMR spectra were taken periodically to monitor the 
reaction by the disappearance of the amide peaks. Watergate suppression was used to 
remove residual water signal. The time from D2O addition to the completion of the first 
experiment was about 6 minutes. 
Cell Culture and In Vitro Cell Viability Assay 
HEK293, NIH3T3 and HeLa cells (ATCC) were maintained at 37 °C under 5% 




penicillin–streptomycin. Polymers cytotoxicity were evaluated using an MTS assay 
(CellTiter 96 Aqueous One, Promega, Madison, WI). Briefly, cells were cultured in a 96-
well plate at 3000 cells/well for 1 day, after which the medium was exchanged for media 
containing either no treatment or 0, 50, 250, 500 or 1000µg/mL of polymers. The cells 
were incubated with treatment for 24 h, after which cell viability was quantified relative 
to the no treatment control, after correcting for background absorbance. Three wells per 
treatment concentration were used, and the assay was repeated three times. 
[2+2] cycloaddition reaction between isocyanates and olefins 
The cycloaddition reaction between isocyanates and olefins is one of the most useful 
methods for the construction of -lactam rings.393 Therefore, this reaction is very crucial 
for the chemical synthesis of antibiotics with a -lactam core.394 The cycloaddition 
between isocyanates and olefins has been successfully applied to the synthesis of 
antibiotics such as PS-5,395 PS-6,396 thienamycin,397 and 1-methylcarbapenems.398 
The main features of this cycloaddition reaction include: (1) electron-withdrawing 
groups in the isocyanates increases the reactivity; (2) olefins with electron-donating 
group react regioselectively to give cycloadducts with the EDG group occupying the 4-
position of the -lactam ring; (3) 1,2-disubstituted olefins react with retention of 
configuration in the starting olefins;399 and (4) polar solvents accelerate the cycloaddition 
reaction.400 
Different intermediates and the transition structures have been proposed in order to 
account for these experimental observations. For example, Graf proposed a two-step 




suggested that some 1,2-disubsituted olefins retain stereochemistry through fast collapse 
of the dipolar intermediate.402 Later on, a concerted supra-antara transition state (TS) was 
also proposed, consistent with the Woodward-Hoffmann rules for [2s + 2a] thermal 
cycloadditions.403 Finally, Moriconi403 and Chmielewski suggested a pseudo-concerted 
mechanism involving a TS with non-Woodward-Hoffmann geometries.404 Ab initio 
calculations revealed that the [2+2] cycloaddition between isocyanates and olefins takes 
place via a concerted (but asynchronous) suprafacial mechanism that can be interpreted in 
terms of a [2s+ (2s + 2s)] interaction between both reactants.
405 This TS was found to 
be zwitterionic in character and have Cs symmetry.
406 However, the combination of 
solvent and substituent effects can modify its profile from a concerted to a two-step 
process, thus resulting in a loss of stereoespecificity.400 
Small Molecule Synthetic Procedures 
3,4,6-Tri-O-acetyl-D-altral (A3). The procedure was adapted from the literature with 
minor changes.362 2,3,4,6-tetra-O-acetyl--D-allopyranosyl bromide361 (A2) (13.9 g, 33.8 
mmol) was dissolved in EtOAc (300 mL), then activated Zn powder (13.2 g, 203.1 
mmol) and N-methylimidazole (2.83 mL, 35.6 mmol) were added. The mixture was 
refluxed for 3 h. After cooling to room temperature, the mixture was filtered through 
Celite and the filtrate washed with 10% HCl (200 mL), sat. NaHCO3 (200 mL) and brine 
(200 mL), then dried with Na2SO4. After filtration, the solvent was evaporated under 
vacuum. The crude product was purified by flash chromatography (EtOAc–hexane, 1:2) 
to afford 4 (6.56 g, 72.3%) as a white solid. 1H NMR (500 MHz, CDCl3): δ 6.50 (d, J = 




5.9, 6.0 Hz, 1H), 4.33 (dd, J = 12.4 Hz, 4.4 Hz, 1H), 4.27 (dd, J = 12.4, 2.2 Hz, 1H), 4.24 
(m, 1 H); 13C NMR (125 MHz, CDCl3): δ 170.6, 170.3, 169.3, 147.9, 97.8, 70.5, 66.5, 
62.5, 62.1, 21.0; HRMS (m/z): [M+Na]+ calcd. for C12H16O7Na, 295.0794; found, 
295.0790. 
3,4,6-Tri-O-benzyl-D-altral (A4). To a solution of compound A3 (7.9 g, 29.0 mmol) 
in methanol (200 mL), potassium carbonate (500 mg, 3.61 mmol) was added. The 
mixture was stirred at room temperature for 24 hours. The solvent was then evaporated 
and D-altral was used in the next step without further purification. 
To the solution of D-altral (4.24 g, 29.0 mmol) in DMF (200 mL), NaH (2.50 g, 104.4 
mmol) was added slowly at 0 °C. The solution was stirred for 30 minutes at room 
temperature. After cooling down to 0 °C, benzyl bromide (12.4 mL, 104.4 mmol) was 
added dropwise and the reaction mixture was warmed up to room temperature and stirred 
for 16 hours. After quenching the reaction with water, the solution was concentrated and 
ethyl acetate was added. The organic phase was washed with water and brine, then dried 
over sodium sulfate. After filtration, the solvent was evaporated under vacuum. The 
crude was purified by silica gel flash chromatography (EtOAc–hexane from 1: 40 to 1: 
10) and yielded compound A4 as colorless oil (11.0g, 91.0%). 1H NMR (500 MHz, 
CDCl3): δ 7.41-7.29 (m, 15 H), 6.50 (d, J = 5.9 Hz, 1H), 4.93 (t, J = 5.8 Hz, 1H), 4.75 (d, 
J = 12.2 Hz, 1H), 4.67 (m, 3H), 4.60 (d, J = 12.1 Hz, 1H), 4.51 (d, J = 11.6 Hz, 1H), 4.35 
(dt, J = 10.5, 3.2 Hz, 1H), 4.00 (dd, J = 5.8, 3.6 Hz, 1 H), 3.88 (d, J = 3.2 Hz, 2H), 3.83 




128.4, 128.0 (2), 127.7 (2), 127.6 (2), 98.2, 74.0, 73.6, 73.1, 71.3, 70.4, 68.9, 65.5; 
HRMS (m/z): [M+Na]+ calcd. for C27H28O4Na, 439.1885; found, 439.1877. 
Alt--lactam. The procedure was adapted from the literature with minor changes.364 
To a solution of A4 (9.50 g, 22.8 mmol) in anhydrous acetonitrile (25 mL), 
trichloroacetyl isocyanate (5.45 mL, 45.6 mmol) was added at room temperature. The 
mixture was stirred at room temperature to complete the cycloaddition (monitored by 1H 
NMR). Subsequently, the mixture was diluted with acetonitrile (25 mL) and cooled to -
30°C, after which benzylamine (8.0 mL, 73.0 mmol) in acetonitrile (50 mL) was added, 
and the mixture was allowed to rise to room temperature. The solvent was then 
evaporated and the residue was treated with diethyl ether. The crystalline precipitate was 
removed by filtration and washed with hexane. This filtrate and washings were combined 
and evaporated under vacuum. The oily residue was purified by flash chromatography to 
give Alt-lactam as a colorless oil (4.36, 41.6%). 1H NMR (500 MHz, CDCl3): δ 7.39-
7.26 (m, 15 H), 6.61 (br, 1H), 5.24 (d, J = 3.8 Hz, 1H), 4.80 (d, J = 12.2 Hz, 1H), 4.70 (d, 
J = 11.9 Hz, 1H), 4.64 (d, J = 12.2 Hz,, 1H), 4.50 (m, 3H), 4.10 (td, J = 5.0, 4.0Hz, 1H), 
4.08 (dd, J = 6.6, 2.4 Hz, 1H), 3.91 (dd, J = 5.0, 2.4 Hz, 1 H), 3.57 (ddd, J = 6.6, 3.8, 1.8 
Hz, 1H), 3.52 (dd, J = 10.4, 4.0 Hz, 1H), 3.48 (dd, J = 10.4, 4.0 Hz, 1H); 13C NMR (125 
MHz, CDCl3): δ 167.6, 138.1, 137.9, 137.7, 128.4, 128.0 (2), 127.7 (2), 127.6 (2), 75.5, 
73.6, 73.3, 72.5, 72.0, 71.6, 70.3, 54.6; HRMS (m/z): [M+H]+ calcd. for C28H30NO5, 
460.2124; found, 460.2144. 
N-t-butylacetyl-alt--lactam (A5). The procedure was adapted from the literature 




with 4-(dimethylamino)-pyridine (2.07 g, 16.9 mmol). The reaction mixture was cooled 
to 0 °C in an ice bath and t-butylacetyl chloride (2.35 mL, 16.9 mmol) was added 
dropwise. After 24 hours, the solvent was removed and reaction contents were diluted 
with CH2Cl2 (30 mL), followed by washing with sat’d sodium bicarbonate solution, 0.1M 
HCl, and brine. The organic layer was dried over sodium sulfate. After filtration, the 
solvent was evaporated under vacuum. The crude was purified by silica gel flash 
chromatography (EtOAc–hexane from 1: 20 to 1: 7) and yielded compound A5 as 
colorless oil (1.20g, 76.0%). 1H NMR (500 MHz, CDCl3): δ 7.39-7.26 (m, 15 H), 5.63 
(d, J = 4.6 Hz, 1H), 4.76 (d, J = 12.1 Hz, 1H), 4.72 (d, J = 12.0 Hz, 1H), 4.60 (m, 2H), 
4.49 (d, J = 12.2 Hz, 1H), 4.44 (d, J = 12.2 Hz, 1H), 4.12 (td, J = 4.6, 3.6 Hz, 1H), 4.07 
(dd, J = 7.4, 2.2 Hz, 1H), 4.02 (dd, J = 3.6, 2.2 Hz, 1 H), 3.61 (dd, J = 7.4, 4.6 Hz, 1H), 
3.56 (dd, J = 10.4, 3.6 Hz, 1H), 3.50 (dd, J = 10.4, 4.6 Hz, 1H), 2.58 (m, 2H), 1.06 (s, 
9H); 13C NMR (125 MHz, CDCl3): δ 169.2, 165.4, 138.0, 137.8, 137.6, 128.4 (2), 127.8 
(2), 127.7 (2), 127.6 (2), 77.9, 76.1, 73.6, 73.4, 72.6, 72.4, 71.5, 69.8, 52.6,  48.3, 31.6, 
29.5; HRMS (m/z): [M+Na]+ calcd. for C34H39NO6Na, 580.2675; found, 580.2689. 
N-t-butylacetyl-glc--lactam (A6) was synthesized according to the same method 
described for compound A5. 1H NMR (500 MHz, CDCl3): δ 7.38-7.21 (m, 15 H), 5.87 
(d, J = 5.4 Hz, 1H), 4.71 (d, J = 11.2 Hz, 1H), 4.67 (d, J = 12.0 Hz, 1H), 4.55 (m, 4H), 
4.14 (dd, J = 6.0, 3.1 Hz,, 1H), 4.89 (ddd, J = 7.5, 4.0, 3.8 Hz, 1H), 3.82 (dd, J = 7.5, 6.0 
Hz, 1 H), 3.75 (dd, J = 10.0, 4.0 Hz, 1H), 3.70 (dd, J = 10.0, 3.8 Hz, 1H), 3.49 (dd, J = 
5.4, 3.1 Hz, 1H), 2.75 (d, J = 14.0 Hz, 1H), 2.50 (d, J = 14.0 Hz, 1H), 1.06 (s, 9H); 13C 




127.8, 127.7, 77.4, 75.4, 74.6, 73.5, 73.4, 72.2, 71.5, 69.4, 52.6,  48.5, 31.6, 29.6; HRMS 
(m/z): [M+Na]+ calcd. for C34H39NO6Na, 580.2675; found, 580.2673. 
Compound (A7). Compound A5 (600 mg, 1.07 
mmol) was dissolved in 20 mL of CH2Cl2 with 0.354 
mL (254 mg, 4.28 mmol) of n-propylamine. After 
stirring at rt for 36 h the solvent was removed and the 
crude material was purified with silica gel chromatography using EtOAc–hexane from 1: 
10 to 1: 3). Removal of the solvent gave 560 mg (84.4% yield) product as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.32-7.12 (m, 15H), 6.95 (m, 1H), 6.29 (d, J = 9.4, 1H) 
5.80 (dd, J = 9.4, 3.0 Hz, 1H), 4.69 (d, J = 12.0, 1H), 4.62 (d, J = 12.0, 1H), 4.50 (d, J = 
11.6 Hz, 1H), 4.43 (m, 2H), 4.32 (d, J = 11.7 Hz, 1 H), 4.17 (dt, J = 9.3, 2.4 Hz, 1H), 
4.10 (t, J = 3.3 Hz, 1 H), 3.90 (dd, J = 9.3, 3.3 Hz, 1H), 3.80 (dd, J = 10.3, 2.4 Hz, 1H), 
3.69 (dd, J = 10.3, 2.4 Hz, 1H), 3.01 (m, 2H), 2.93 (t, J = 3.4 Hz, 1 H), 2.06 (m, 2H), 1.24 
(m, 2H), 1.04 (s, 9H), 0.75 (t, J = 7.4, 3H); 13C NMR (125 MHz, CDCl3): δ 171.3, 169.3, 
138.0, 138.7, 138.6, 18.4, 128.3 (2), 128.1, 128.0, 127.9(2), 127.8 (2), 127.7, 74.4, 73.7, 
73.4, 73.3, 72.1, 71.4, 70.8, 68.8, 50.5, 41.2, 30.9, 29.8, 22.6, 11.5; HRMS (m/z): 
[M+Na]+ calcd. for C37H48N2O6Na, 639.3410; found, 639.3409. 
General Procedure for Polymerization 
In an oven-dried flask, Alt-lactam (0.500 g, 1.09 mmol) and t-butylacetyl chloride 
(5.0 mol% for DP(theo) = 20, 3.33 mol% for DP(theo) = 40, 2.50 mol% for DP(theo) = 40, and 
1.67 mol% for DP(theo) = 60) were dissolved in 10 mL of distilled tetrahydrofuran 





t-butylacetyl chloride were required, a stock solution of t-butylacetyl chloride in 
tetrahydrofuran was prepared immediately before use and the appropriate volume was 
added to the reaction flask. The reaction flask was cooled to 0 °C in an ice bath. Next, the 
appropriate volume of a 0.25 M solution of LiHMDS in THF (12.5 mol% for DP(theo) = 
20, 8.33 mol% for DP(theo) = 40, 6.25 mol% for DP(theo) = 40, and 4.16 mol% for DP(theo) = 
60) was added and the solution was stirred 2-7 hours, and the reaction was monitored by 
GPC. To quench the reaction, a drop of saturated NH4Cl aqueous solution was added. 
The THF was removed and the resulting solid was redissolved in diethyl ether (25 mL) 
and washed with 1 M HCl, sat’d NaHCO3, and brine. After drying over sodium sulfate, 
the product was isolated by evaporation of solvent. The product was dissolved in minimal 
dichloromethane and precipitated by adding dropwise into a flask of stirred, cold hexane 
(50 mL). The resulting solid was collected by filtration, redissolved in dichloromethane, 
and precipitated in cold methanol and dried. The resulting solid was collected by 
filtration and dried under high vacuum (76-85%). Spectral data is listed for P3': 1H NMR 
(500 MHz, CDCl3) δ 9.44 (br s, 1H), 7.18 (br m, 15H), 5.81 (br s, 1H), 4.60-4.23 (br m, 
6H), 4.18 (br s, 1H), 3.97 (br s, 1H), 3.67 (br s, 1H), 3.47 (br s, 1H), 3.26 (br s, 1H), 2.48 
(br s, 1H); 13C NMR (125 MHz, CDCl3) δ 169.8, 138.8, 138.4, 128.3, 127.8, 127.5, 74.8, 
74.2, 73.4, 72.7, 72.4, 71.2, 69.4, 46.9. IR (ATR): 3323 br (NH), 1667 (amide I), 1495 br 
(amide II), 1099 cm-1. 
General procedure for debenzylation 
To a polymer (0.30-0.40 g depending on the sample) solution in 5.0 mL of 




was stirred for 5 minutes at room temperature. The solution was then added into a rapidly 
stirred solution of sodium in anhydrous liquid ammonia (50 mL) at −52 °C under 
nitrogen (sodium was washed in hexane and cut into small pieces before addition). The 
solution’s deep blue color was maintained by adding additional sodium. After 1 hour at 
−52 °C, sat’d ammonium chloride solution was added until the blue color disappeared. 
After evaporation of the ammonia in a water bath (room temperature), the resulting 
aqueous layer was washed with diethyl ether twice. The aqueous solution was dialyzed at 
room temperature for 2 days with five water changes (spectrum labs dialysis tubing, 
MWCO 1000). The solutions were lyophilized to give deprotected Alt-PASs as white 
fluffy solids (74-95%). Spectral data is listed for P3: 1H NMR (500 MHz, D2O) δ 5.65 (br 
s, 1H), 4.60-4.14 (br m, 1H), 4.12-3.52 (br m, 4H), 3.20-2.58 (br m, 1H); 13C NMR (125 
MHz, D2O) δ 171.1, 75.0, 73.8, 68.9, 66.3, 64.8, 61.4, 50.7. IR (ATR): 3605-3121 br, 
1666 (amide I), 1532 br (amide II), 1057 cm-1. 
 
 


































Figure S2.2 Plot of Mn(NMR) as a function of monomer conversion (%) for the 
polymerization of Alt-lactam using LiHMDS as the catalyst and t-butylacetyl 










             
 
 
Figure S2.5 Plot of Mn(GPC) and Ð as a function of time for the 





















Figure S2.8 1H NMR spectra of AP3 at various temperatures (D2O) 
 
 
             
 
 






       
 
         
 
Figure S2.10 CD spectra of AP3 in H2O-MeOH solutions. 
 





           
 
 
           
 
 
Figure S2.12 CD spectra of AP3 in presence of salts. 
 












Figure S2.14 CD spectra of AP3 at different temperatures. 
     











Figure S2.16 Cytotoxicity assay of (A) AP1 and (B) Glc-PAS. 
 




                
 
 






Figure S2.18 Aqueous GPC traces of Alt-PASs. 
 





1H of 3,4,6-Tri-O-acetyl-D-altral (A3) (CDCl3) 
 
 










































































13C of N-t-butylacetyl-alt--lactam (A5) (CDCl3) 
 
 


















































NOESY of compound A7 (CDCl3) 
 
 
































































































































































COSY of AP4 (D2O) 
 
 














CHAPTER 3. Synthesis and Characterization of Maltose Poly-amido-saccharides 
with Lectin-binding Ability 
3.1 Introduction 
Protein-carbohydrate interactions play essential roles in mediating a variety of 
intercellular recognition processes, such as cell adhesion, cell differentiation, and 
infection by viruses and bacteria.407-410 Despite their biological importance, monovalent 
protein-carbohydrate interactions are generally weak in affinity and broad in 
specificity.411 Nature overcomes these challenges through the use of multiple binding 
interactions between lectins and branched oligosaccharides and polysaccharides, i.e., the 
multivalent effect.201,412-415 However, due to the structural complexity of branched 
polysaccharides and the difficulty in isolation and purification, it is challenging to 
elucidate the structure-function relationship of protein-carbohydrate interactions. 
Advances in modern polymer chemistry are enabling the synthesis of various 
glycopolymers and glycopolypeptides where saccharide moieties exist as pendant groups 
along the polymer backbone.356,416-423 Although these polymers can mimic the lectin-
binding function of branched polysaccharides, their main chains do not portray the 
compositions, structures, and conformations of the pyranose- or furanose-backbones of 
natural polysaccharides.318,321,424-428 Therefore, the preparations of stereoregular branched 
polymers that compositionally, structurally, and functionally mimic complex natural 
polysaccharides are of interest and of importance. 
Cationic ring-opening polymerization of anhydrodisaccharides has been studied since 




stereoselective controls over the branching structure at the monomer level.155 However, 
this method suffers from the low reactivity of anhydrodisaccharide monomers, thus it is 
difficult to obtain branched polysaccharides with high molecular weights.148 For example, 
the polymerization of 1,6-anhydrocellobiose derivative gave benzylated polymers with 
number-average molecular weights (Mn) up to 7300 g/mol, which corresponds to a 
degree of polymerization (DP) of 8.5.147 Meanwhile, this method produces branched 
polymers with broad dispersities (Đ>1.5).154 Therefore, new polymerization approaches 
to well-defined, high molecular weight branched polysaccharides and their mimetics are 
highly sought after.  
Poly-amido-saccharides (PASs) are a new type of saccharide polymer in which the O-
glycosidic linkages in natural polysaccharides is replaced with (12)-amide linkages.271 
With saccharide moieties inter-connected by an amide bond, these polymers exhibit 
characteristics of both polysaccharides and polypeptides, such as possessing pyranose-
backbones and adopting helical conformations.429 However, due to lack of sufficient 
terminal saccharide residues, previously synthesized linear PASs display weak 
interactions with carbohydrate binding lectins.273 Herein, we report the first synthesis of a 
novel branched polysaccharide mimetic with lectin binding activity, i.e., -N-(12)-D-
maltose poly-amido-saccharides (mal-PASs). Specifically, we report: (1) the synthesis of 
a maltose -lactam monomer (mal-lactam) via [2+2] cycloaddition of 3,6,2’,3’,4’,6’-
hexo-O-benzyl-D-maltal with chlorosulfonyl isocyanate (CSI); (2) the anionic ring-
opening polymerization of mal-lactam and subsequent deprotection; (3) characterization 





Figure 3.1 Synthesis of Mal-lactam monomer. 
chromatography (GPC), and circular dichroism (CD); and, (4) recognition of Mal-PASs 
by Concanavalin A (Con A).  
3.2 Monomer design and synthesis 
Con A is a well-studied plant 
lectin that specifically binds 
nonreducing terminal -D-
mannopyranose and -D-
glucopyranose units.430-431 In order 
to synthesize a branched 
polysaccharide mimetic that binds 
Con A, we designed a new maltose-derived -lactam monomer, namely, 2-carboxy-2-
deoxy-3,6-di-O-benzyl-4-(2',3',4',6'-tetra-O-benzyl--glucopyranosyl)--D-
glucopyranosyl -aminolactam (Mal-lactam), which upon ring-opening polymerization, 
would afford a novel saccharide polymer possessing a pendant -D-glucopyranose 
branch at each repeating unit. The synthetic strategy to the monomer is shown in Scheme 
1. Reductive elimination of 2,3,6,2',3',4',6'-hepta-O-acetyl--D-maltosyl bromide (M1) in 
the presence of zinc and N-methylimidazole (NMI) afforded 3,6,2',3',4',6'-hexo-O-acetyl-
D-maltal (M2) as a white solid.362 Compound M2 was deacetylated, and then benzylated 
by reaction with benzyl bromide to suppress undesired side reactions that would interfere 
the anionic ring-opening polymerization, such as nucleophilic attack of lactamate anion 
to acetyl groups. Benzyl ethers are attractive protecting groups for polysaccharide 




ammonia reduction. The [2+2] cycloaddition of 3,6,2',3',4',6'-hexo-O-benzyl-D-maltal 
(M3) with CSI proceeded smoothly at -61 C on a multigram scale to give the -lactam 
after in situ reductive removal of the sulfonyl group. However, 1H NMR analysis of this 
product shows that, along with the desired monomer Mal-lactam, it also contains 7% of 
the diastereomer with the four-membered -lactam ring cis-fused to the  face of the 
pyranose ring, indicating that the [2+2] cycloaddition of compound M3 with CSI is not 
stereoselective (Figure S3.1). This is in contrast to the stereospecific cycloaddition of 
monosaccharide glycals with CSI which occurs exclusively anti with respect to the C3 
substituent of the sugar ring.432 The stereochemical ambiguity of this reaction is likely 
because the large 2',3',4',6'-tetra-O-benzyl--D-glucopyranose group at the C4 position 
exerts steric hindrance to the approach of CSI from the  face of the pyranose ring. To 
our delight, diastereopure monomer Mal-lactam was isolated as a colorless semisolid 
after repeated flash silica chromatography (Figure S3.2). The structure of this new 
monomer was characterized and confirmed by 1H NMR, 13C NMR, COSY, HSQC, and 
HMBC combined with FT-IR spectroscopy and electrospray ionization mass 
spectrometry (ESI-MS) analyses (SI). 
3.3 Polymerization of Mal-lactam 
 
   





Mal-lactam polymerized readily in tetrahydrofuran (THF) at 0 C, using lithium 
bis(trimethylsilyl)amide (LiHMDS) as the catalyst and tert-butylacetyl chloride as the 
initiator (Figure 3.2).429 The reaction was quenched with saturated ammonium chloride 
solution, and the resultant polymers were isolated in high yields by re-precipitation from 
hexane and then methanol (83-91%). Polymer molecular weights were determined using 
GPC with THF as the eluent and polystyrene standards. Varying monomer-to-initiator 
ratios ([M]/[I]) from 10:1 to 30:1 gave benzylated polymers (MP1'-MP4') with Mn up to 
31500 g/mol, which is considerably higher than the polymers obtained from cationic 
ring-opening polymerization of benzylated 1,6-anhydromaltose (13400 g/mol).145 The 
higher polymerizability of mal-lactam compared to the 1,6-anhydromaltose monomer 
likely arises from the high ring strain of the four-membered -lactam cis-fused to the 
pyranose ring. The GPC chromatograms of polymers MP1'-MP4' all display narrow 
unimodal peaks (Đ=1.05-1.07), and the chain lengths increase linearly with 
stoichiometry, indicating formation of well-defined polymers (Figure 3.3). 
 
       
Figure 3.3 (A) The inset shows THF GPC elution curves for MP1'-MP4'; (B) Linear 






3.4 Mal-PASs deprotection and characterization 
Polymers MP1'-MP4' were debenzylated using sodium metal in liquid ammonia 
followed by extensive dialysis against water. After lyophilization, deprotected mal-PASs 
(MP1-MP4) were isolated as fluffy white solids in high yields (76-92%). The 
disappearance of the aromatic proton peaks at 6.80-7.49 ppm in 1H NMR spectra and the 
aromatic C-H stretch at 3000-3100 cm-1 in FT-IR spectra confirmed complete removal of 
the benzyl protecting groups (Figure S3.4). The 1H NMR spectra of MP1-MP4 collected 
in D2O show well-resolved signals and couplings (Figure 3.4A). The small J-coupling 
between protons H1 and H2 (5.0 Hz) and large couplings between protons H2 and H3 
(9.9 Hz) and between protons H3 and H4 (9.9 Hz) indicate a chair conformation for the 
backbone sugar repeating unit. The H1 signal of the N-terminus unit is visible as a 
doublet at 5.70 ppm and the H2 signal of the C-terminus unit is visible as a doublet of 
Table 3.1 Polymer Characterization using GPC, NMR, and Optical Rotation 
Entry Mn(theo)a Mn(GPC)b DP(GPC)b Đc DP(NMR)d []
25
D
 e Yield 
f 
MP1' 9020 9400 9.4 1.05 N.D. +70.8 91 
MP2' 13480 13300 13.8 1.05 N.D. +72.0 94 
MP3' 17940 19000 20.2 1.06 N.D. +69.7 88 
MP4' 26860 31500 34.2 1.07 N.D. +71.4 83 
MP1 3750 4800 12.4 1.17 12.3 +208.6 76 
MP2 5290 6500 17.3 1.18 19.6 +211.1 82 
MP3 7540 8700 23.4 1.23 26.4 +212.4 85 
MP4 12450 11800 32.3 1.15 37.5 +214.9 92 
a For MP1'-MP4': calculated based on [M]/[I] ratios g/mol, for MP1-MP4: calculated based on the DP 
of benzylated polymers. b Determined by THF GPC against polystyrene standards for MP1'-MP4', or 
aqueous GPC against dextran standards for P1-P4, g/mol. c Mw/Mn. d Determined by NMR end group 





doublets centered at 2.73 ppm (SI). In the 13C NMR spectra, the carbon signals 
corresponding to the disaccharide repeating unit appear as thirteen sharp peaks (Figure 
3.4B), indicating that mal-PASs are stereoregular and epimerization did not occur during 








are consistent with the  configuration of glycosidic linkages on both the polymer 
backbone and side chains.145 The molecular weights of Mal-PASs were determined by 
 
Figure 3.4 (A). 1H NMR spectrum and (B) 13C NMR spectrum of MP4 (only the repeating 




aqueous GPC with dextran standards. Based on GPC analysis, MP1-MP4 possess Mn 
values ranging from 4800 to 11800 g/mol with narrow dispersities (Đ=1.14-1.23, Figure 
S3.7). The DP measured by GPC and NMR are consistent with the corresponding values 
for the benzylated polymers (Table 3.1), indicating that the deprotection process 
proceeded efficiently without noticeable degradation of the polymer backbone. The 
MALDI-TOF spectrum of MP1 contains only one population of peaks with a spacing of 
351.6 m/z, equal to the molar mass of the expected repeating unit (Figure 3.5). In 
addition, the m/z values of the observed molecular ion peaks corresponded to the 
calculated molar mass of the potassium-charged polymers having chain ends of the t-
butylacetyl initiating group at the N-terminal and a maltose N-acyl lactam terminating 
group at the C-terminal. For example, the observed value of 4001.7 m/z agreed with the 
calculated molar mass of 4001.6 g/mol for the K+ adduct mal-PAS 10-mer (Figure 3.5). 
 
 




These data confirm not only the efficient incorporation of the initiator, but also a 
molecular weight range in good agreement with the Mn values estimated by GPC and 
1H 
NMR analysis.  
Mal-PASs are highly soluble 
in water, and aqueous solutions 
of MP1-MP4 at concentrations 
up to 40.0 mg/mL were stable 
and remained clear for a week of 
observation at 25 C (higher 
concentrations were not 
investigated). This is in sharp 
contrast to the previous observation that glucose-based PASs (Glc-PASs) have limited 
solubility and tend to precipitate from aqueous solutions over time,271 possibly because 
the pendant glucose branches in mal-PASs prevent the aggregation of polymer chains. 
This increase in water solubility was also observed for branched polysaccharides 
prepared by glycosilation of linear polysaccharides.156 To investigate the solution 
conformation of Mal-PASs, CD spectra of MP1-MP4 were recorded in water. As shown 
in Figure 3.6, the CD spectra of MP1-P4 display a minimum at 221 nm and a maximum 
at 189 nm, similar to the CD spectra of Glc-PASs, indicating that Mal-PASs adopt a left-
handed helical conformation in aqueous solutions.274 The mean residue ellipticity (MRE) 
of Mal-PASs at 220 nm ([θ]220) is approximately -12700 deg•cm
2•dmol-1, which is 
slightly smaller than the [θ]220 value of the Glc-PAS (MP5, -14600 deg•cm
2•dmol-1), 
 




indicating that the introduction of glucopyranose branches to the Glc-PAS backbone may 
lead to a slight destabilization of the helical conformation.433-434 The CD spectra of 
polymer MP4 remain unchanged over a broad pH range from 2.0 to 12.0, or in presence 
of high ionic strength (2.0 M NaCl), or with protein denaturant (4.0 M urea), showing 
that the conformation of Mal-PASs is stable in aqueous solutions (Figure S3.8).  
3.5 Recognition of Mal-PASs by Con A 
 At physiological pH, Con A exists in a tetrameric form with each subunit containing 
a sugar binding site.435 Thus, Con A tends to aggregate and eventually precipitate in 
presence of multivalent ligands.436-437 The affinity of a multivalent ligand to Con A can 
be evaluated from the clustering rate of the aggregation using an established turbidimetric 
assay.438 Con A was quickly mixed with a 10-fold excess of Mal-PASs in HEPES buffer 
at pH 7.4 at 25 C, and the solution turbidity was monitored by UV-Vis absorbance at 
420 nm over a period of 20 minutes. The initial rate of Con A clustering (Ki) was 
determined by linear fit to the initial portion of the data. The results for the turbidimetric 
assay are summarized in Figure 3.7 and Table 3.2. The interactions of Mal-PASs with 
Con A are highly dependent on the DP. Upon increasing the DP(NMR) from 12.3 to 37.5, 
the clustering becomes faster and more pronounced (Table 3.2). It has previously been 
shown that glycopolymers and glycodendrimers that can span multiple binding sites of 
Con A (separated by about 6.5 nm) exhibit higher binding affinities because of 
multivalent interactions via the chelate effect.439-440 Molecular dynamics (MD) simulation 
of an all-atom (AA) model produced using a modified CHARMM force field revealed 




possess the same backboneand adopt similar conformation as Glc-PAS, the average 
lengths of polymers MP1, MP2, MP3, and MP4 were calculated to be about 3.7 nm, 5.8 
nm, 7.7 nm, and 10.8 nm , respectively, according to DP(NMR) (Table 3.2). Therefore, 
MP3 and MP4 are sufficiently long to span the distance between two binding sites of Con 
A (6.5 nm).  
 
However, it should be noted that Mal-PASs are polydispersed macromolecules 
consisting of species of different length, and those lower molecular weight polymers 
(MP1 and MP2) also contain a fraction of longer species. As a result, polymers MP1 and 
MP2 also show the ability to cluster Con A to some extent. As expected, altrose-derived 
PAS (Alt-PAS, Mn= 8400 g/mol) does not induce turbidity as altropyanose is not a ligand 
for Con A (Figure 3.7). The recognition of linear Glc-PAS ( Mn= 9200 g/mol) by Con A 
is also negligible, probably due to the low concentrations used in this assay along with 
the minimal terminal sugar residues to which the lectin can bind.271 It is noteworthy that 
 
Figure 3.7 Turbidimetirc assay of Mal-PASs with Con A in HEPES buffer. [Con A]: 1 M, 





control polymer MP5 and MP6 have a DP(NMR) of 47.4 and 52.7, respectively, which are 
long enough to span the distance of two binding sites of Con A. Addition of an excess of 
methyl -D-mannopyranose (5.0 mM), a stronger ligand to Con A than -D-
glucopyranose, leads to instantaneous dissociation of the lectin-polymer conjugates and 
loss of solution turbidity, confirming that Mal-PASs bind Con A at the same site as 
natural carbohydrates.  
 
Turbidimetric assays are used intensively to study the recognition of Con A with 
glycopolymers with various polymer backbones.441-443 For comparison, a glycopolymer 
with pendant -D-mannopyranoses (DP=38), synthesized by ring-opening metathesis 
polymerization, showed a Ki of about 0.49 au/min, which is 5.8 times larger than the Ki 
value of MP4 (0.085 au/min).444 The decreased clustering rate of MP4 compared to the 
mannose glycopolymer may be ascribed to two reasons. First, Con A exhibits a higher 
binding constant with -D-mannopyranose than with -D-glucopyranose (Kb(Man):Kb(glc)≈ 
4:1).445 Second, it was suggested that glycopolymers with fexible backbones tend to show 
stronger binding ability with lectins as they allow better adjustment of sugar ligands to 
Table 3.2 Average Length of Mal-PASs and Initial Rate of Con A Clustering. 
Entry DP(GPC) Length (nm) according 
to DP(GPC)a 
DP(NMR) Length (nm) according 
to DP(NMR)a 
Ki (au/min)b 
MP1 12.4 3.8 12.3 3.7 0.00080 
MP2 17.3 5.1 19.6 5.8 0.00435 
MP3 23.4 6.8 26.4 7.7 0.0347 
MP4 32.3 9.3 37.5 10.8 0.0847 
a Estimated based on the length of 10 mer of Glc-PASs (2.8 nm), which was calculated based on 
molecular dynamics (MD) simulation of an all-atom (AA) model produced using a modified 




the lectin geometries.446 According to CD analysis, Mal-PASs adopt a rigid helical 
conformation, while the mannose glycopolymer reported by Kiessling et al possessed a 
more flexible polynorbornene bacbone. However, the influence of polymer backbone 
rigidity on lectin binding is still under investigation, as the work of Kiick et al showed 
that glycopolypeptides with helical backbone can be superior as multivalent ligands to 
glycopolypeptides with random-coiled structures.447 Overall, the lectin binding study 
shows that, although possessing a rigid helical polymer backbone, Mal-PASs are 
multivalent ligands for Con A. 
3.6 Cytotoxicity of Mal-PASs 
 
The cytotoxicity of Mal-PASs at different concentrations was evaluated using an 
MTS cell proliferation assay in three cell lines: human embryonic kidney (HEK293), 
      
        
  
Figure 3.8 Cytotoxicity of MP1 (A), MP2 (B), MP3 (C), and MP4 (D) in HeLa, 




human cervix adenocarcinoma (HeLa), and mouse embryonic fibroblast (NIH3T3) cells 
in vitro. As shown in Figure 3.8, polymers MP1-MP4 did not decrease cell viability with 
concentrations up to 1.0 mg/mL after 24 h of incubation in comparison to the media-
treated control cells, indicating no cytotoxicity.  
3.7 Conclusions 
In summary, stereoregular branched polysaccharide mimetics are synthesized via 
anionic ring-opening polymerization of a maltose-based -lactam (Mal-lactam) 
monomer. This method ensures polymer stereoregularity as the polymerization proceeds 
without affecting the stereochemistry of the anomeric carbon. Compared to the ring-
opening polymerization of anhydrodisaccharides, this method affords well-defined 
branched polymers with higher molecular weights and narrower dispersities. The 
deprotection reaction proceeds smoothly to give water-soluble stereoregular mal-PASs, 
as confirmed by NMR, FT-IR, optical rotation, and MALDI-TOF mass spectrometry. CD 
analysis indicates that in aqueous solution Mal-PASs adopt a stable left-handed helical 
conformation. Finally, turbidimetric assay reveals that these rigid Mal-PASs are able to 
cluster and aggregate Con A, in a length-dependent manner, due to the existence of 
multiple -D-glucose branches. Mal-PASs are promising biologically active polymers for 
biomedical applications, and studies are ongoing to further investigate the dependence of 
lectin recognition on epitope density by synthesizing copolymers with various branching 
frequencies. The anionic ring-opening polymerization of disaccharide-based -lactams is 
a useful method and expands the current repertory of approaches available to complex 




3.8 Materials and Methods  
General methods, materials, and instrumentation 
Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar, and 
were used as received unless otherwise noted. 2,3,6,2',3',4',6'-hepta-O-acetyl--D-
maltosyl bromide and 3,4,6-tri-O-benzyl-D-glucal starting materials were purchased from 
Carbosynth, LLC (San Diego, California). Solvents used for the polymerization reactions 
were dried and freshly distilled prior to use. All reactions were carried out under nitrogen 
using standard techniques, unless otherwise noted. Lyophilization was performed using a 
Virtis Benchtop 4K freeze dryer Model 4BT4K2L-105 at -40 C. 1H NMR and 13C NMR 
spectra were recorded on a Varian INOVA 500MHz spectrometer. Infrared spectroscopy 
(FT-IR) was performed on a Nicolet FT-IR with a horizontal attenuated total reflectance 
(ATR) adapter plate. Specific optical rotations were determined at 25 C using a Rudolph 
Autopol II polarimeter operating at 589 nm in a 50 mm pathlength cell. The molecular 
weights of benzylated polymers were determined by gel permeation chromatography 
(GPC) against polystyrene standards using THF as the eluent at a flow rate of 1.0 mL/min 
through two Jordi columns (Jordi Gel DVB 105 Å and Jordi Gel DVB 104 Å, 7.8 x 300 
mm) at 25 °C with a refractive index detector. The molecular weights of the deprotected 
polymers were determined by GPC versus dextran standards using aqueous buffer (0.2 M 
NaNO3, 0.010 M phosphate buffer, pH 7.5) as the eluent at a flow rate of 0.50 mL/min 
through two Agilent PL aquagel columns (OH MIXED-M and OH 30, 7.5 x 300 mm) at 




in a 1 mm path length cuvette using an Applied Photophysics CS/2Chirascan with a 
standard Mercury lamp. 
Turbidimetric Assay 
The turbidimetric assay was performed in pH 7.4 HEPES-buffered saline (HEPES) 
containing HEPES 10 mM, NaCl 150 mM, CaCl2 1 mM, and MnCl2 1 mM, according to 
the literature with minor modifications.438 The Con A stock solution was freshly prepared 
by dissolving Con A in HEPES buffer and adjusted to the concentration of 0.104 mg/mL 
determined by the UV absorbance at 280 nm (based on A280=1.37x [mg/mL Con A]). The 
Con A solution (570 L) was transferred to a 1 cm cuvette. Then the solution of PASs in 
HEPES buffer was added [30 L at 0.351mg/mL for Mal-PASs (1.0 mM based on 
maltose residue), and 30 L at 1.0 mg/mL for Alt-PASs and Glc-PASs (5.3 mM based on 
sugar residue)]. The final concentrations of Con A and Mal-PASs were 1.0 M based on 
Con A tetramer and 50.0 M based on maltose residue, respectively. The solution was 
mixed vigorously for 10 seconds using a micropipette before the absorbance was 
recorded at 420nm for 20 min at 25 C. At the 16 min timepoint, 66 L of a 10 mg/mL α-
methyl mannose solution (50 mM) was added. Each sample was run three times and the 
curves shown were the average of all three runs. 
Dynamic light scattering measurements 
Dynamic light scattering (DLS) measurements were conducted on a Brookhaven 90 
plus nano-particle sizer. For size determination, polymer samples were prepared in 




m filter to remove any dust particulates just before sample measurement. Each sample 
was measured 10 times and averaged to give the listed values. 
Cell Culture and In Vitro Cell Viability Assay 
The cytotoxicity of Mal-PASs was evaluated using an MTS cell proliferation assay 
in three cell lines: human embryonic kidney (HEK293), human cervix adenocarcinoma 
(HeLa), and mouse embryonic fibroblast (NIH3T3) cells in vitro. The rationale for 
selecting these three cell lines was to assess toxicity against: 1) cells originating from two 
different species (human and mouse); 2) a human healthy, normal cell line versus a cell 
line derived from a cancer cells (HEK293 vs. HeLa); and 3) a cell line used in standard 
pre-clinical FDA biocompatibilty/safety testing (NIH3T3).429 HEK293, NIH3T3 and 
HeLa cells (ATCC) were maintained at 37 °C under 5% CO2 using DMEM media 
containing 10% fetal bovine serum and 1% glutamine–penicillin–streptomycin. 
Cytotoxicity of Mal-PASs were evaluated using an MTS assay (CellTiter 96 Aqueous 
One, Promega, Madison, WI). Briefly, cells were cultured in a 96-well plate at 3000 
cells/well for 1 day, after which the media was exchanged for media containing either no 
treatment or 0, 50, 250, 500 or 1000µg/mL of polymers. The cells were then incubated 
with treatment for 24 hours, after which cell viability was quantified relative to the no 
treatment control, after correcting for background absorbance. Three wells per treatment 
concentration were used, and the assay was repeated three times. 




3,6,2',3',4',6'-hexo-O-acetyl-D-maltal (M2). The procedure was adapted from the 
literature with minor changes.362 2,3,6,2',3',4',6'-hepta-O-acetyl--D-maltosyl bromide 
(M1) (25.0 g, 35.7 mmol) was dissolved in EtOAc (350 mL), then activated Zn powder 
(14.0 g, 214.1 mmol) and N-methylimidazole (3.0 mL, 37.7 mmol) were added. The 
mixture was refluxed for 3 hours. After cooling to room temperature, the mixture was 
filtered through Celite and the filtrate washed with 10% HCl (200 mL), sat. NaHCO3 
(200 mL) and brine (200 mL), then dried with sodium sulfate (Na2SO4). After filtration, 
the solvent was evaporated under vacuum. The crude product was purified by flash 
chromatography (EtOAc-hexane, 1:2) to afford compound M2 (13.5 g, 67%) as a white 
solid. 1H NMR (500 MHz, CDCl3): δ 6.40 (d, J = 6.2 Hz, 1H), 5.47 (d, J = 4.0 Hz, 1H), 
5.38 (t, J = 9.9 Hz, 1H), 5.15 (m, 1H), 5.03 (t, J = 9.8 Hz, 1H), 4.80 (m, 2H), 4.34 (m, 2 
H), 4.27 (m, 1 H), 4.21 (dd, J = 12.4, 4.2 Hz, 1H), 4.07 (dd, J = 12.4, 2.3 Hz, 1H), 4.00 
(m, 2H), 2.03 (m, 18H); 13C NMR (125 MHz, CDCl3): δ 170.5, 170.4, 170.3, 170.0, 
169.5 145.5, 98.6, 95.8, 74.0, 72.4, 70.4, 69.5 (2), 68.2, 68.1, 61.8, 61.6, 21.0, 20.8, 20.6 
(2), 20.5 (2) ; HRMS (m/z): [M+Na]+ calcd. for C24H32O15Na, 583.1639; found, 
583.1628. 
3,6,2',3',4',6'-hexo-O-benzyl-D-maltal (M3). To a solution of compound M2 (13.5 
g, 24.1 mmol) in methanol (200 mL), K2CO3 (500 mg, 3.61 mmol) was added. The 
mixture was stirred at room temperature for 12 hours. The solvent was then evaporated 
and D-maltal was used in the next step without further purification. 
To the solution of D-maltal (7.42 g, 24.1 mmol) in DMF (300 mL), NaH (4.74 g, 




temperature. After cooling down to 0 °C, benzyl bromide (22.3 mL, 188.0 mmol) was 
added dropwise and the reaction mixture was warmed up to room temperature and stirred 
for 36 hours. After quenching the reaction with water, 300 mL ethyl acetate was added to 
the solution. The organic phase was washed with water and brine, and dried over Na2SO4. 
After filtration, the solvent was evaporated under vacuum. The crude was purified by 
silica gel flash chromatography (EtOAc–hexane from 1: 20 to 1: 5) and yielded 
compound M3 as colorless oil (18.7g, 92%). 1H NMR (500 MHz, CDCl3): δ 7.34-7.08 
(m, 30 H), 6.47 (dd, J = 6.2, 1.2 Hz, 1H), 5.45 (d, J = 3.6 Hz, 1H), 4.93 (d, J = 10.8 Hz, 
1H), 4.89 (dd, J = 6.2, 3.2 Hz, 1H), 4.79 (m, 2H), 4.66-4.48 (m, 6H), 4.44 (m, 2H), 4.35 
(d, J = 12.2 Hz, 1H), 4.26 (m, 1H), 4.23 (m, 1H), 4.17 (dd, J = 6.9, 5.0 Hz, 1H), 3.89 (t, J 
= 9.35 Hz, 1H), 3.82 (m, 2H), 4.72 (dd, J = 10.8, 3.4 Hz, 1H), 3.66 (dd, J = 10.2, 9.0 Hz, 
1H), 3.60 (dd, J = 10.7, 3.0 Hz, 1H), 3.54 (dd, J = 9.8, 3.7 Hz, 1H), 3.48 (dd, J = 10.8, 
2.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 145.3, 138.9, 138.4, 138.2, 138.1, 138.0, 
137.9, 128.4 (2), 128.3 (3), 128.0, 127.9, 127.8, 127.7, 127.6, 127.5 (2), 127.4, 99.3, 96.3, 
81.8, 79.7, 77.56, 76.4, 75.6, 75.0, 74.4, 73.4, 73.3, 72.8, 70.8, 70.3, 68.9, 68.3, 68.2; 
HRMS (m/z): [M+Na]+ calcd. for C54H56O9Na, 871.3822; found, 871.3817. 
Mal-lactam. The procedure was adapted from the literature with minor changes.432  
At room temperature, 3.20 mL (5.17 g, 36.5 mmol) of chlorosulfonyl isocyanate (CSI), 
which had previously been stored over oven-dried sodium carbonate for more than one 
week at 4 °C, was dissolved in 30 mL of anhydrous toluene over 2.0 g of oven-dried 
Na2CO3 under nitrogen. The solution was cooled to -78 °C in a dry ice/acetone bath and a 




slowly added. The solution was warmed to -61 °C by transferring the reaction flask to a 
dry ice/chloroform cooling bath. After 6 hours at -61 °C, the reaction was cooled to -78 
°C and diluted with an additional 80 mL of anhydrous toluene and 13.3 mL of Red-Al 
(>60 wt% solution in toluene) was added slowly. After 20 minutes at -78 °C, the reaction 
was warmed to -61 °C for 20 minutes and then warmed to -10 °C in an ice/saturated 
ammonium chloride bath. After 5 minutes at -10 °C, 3.0 mL of water was added and 
reaction was stirred for an additional 30 minutes while warming to 0 °C. Then the 
solution was filtered to remove solids. After the addition of 100 mL of diethyl ether, the 
organic phase was washed with saturated bicarbonate and brine, dried over Na2SO4, and 
the solvent was removed. The crude was purified by silica gel flash chromatography 
(EtOAc–hexane from 1: 5 to 1: 1), giving a -lactam product containing 93% of Mal-
lactam and 7% of distereomer (8.40g, 51%). This product was further purified by 
repeated flash chromatography with 1: 20 to 1: 10 EtOAc: CH2Cl2, affording 
diastereopure Mal-lactam as a colorless semisolid (5.3g, 32%). 1H NMR (500 MHz, 
CDCl3): δ 7.33-7.10 (m, 30 H), 6.02 (d, J = 2.6 Hz, 1H), 5.56 (d, J = 4.4 Hz, 1H), 5.43 
(d, J = 3.6 Hz, 1H), 4.91 (d, J = 10.8 Hz, 1H), 4.80 (d, J = 10.8 Hz, 1H), 4.77 (d, J = 10.9 
Hz, 1H), 4.63 (d, J = 12.0 Hz, 1H), 4.56-4.47 (m, 5H), 4.44 (d, J = 5.7 Hz, 1H), 4.41 (d, J 
= 6.8 Hz, 1H), 4.34 (d, J = 12.2 Hz, 1H), 4.21 (dd, J = 6.4, 3.0 Hz, 1H), 4.16 (ddd, J = 
8.6, 5.1, 2.8 Hz, 1H), 4.01 (dd, J = 8.6, 6.4 Hz, 1H), 3.85 (dd, J = 9.9, 8.9 Hz, 1H), 3.71 
(m, 3H), 3.61 (dd, J = 10.2, 9.0 Hz, 1H), 3.52 (t, J = 2.9 Hz, 1H), 3.50 (dd, J = 3.3, 2.0 
Hz, 1H), 3.40 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 166.4, 138.7, 138.4, 137.9, 137.8 




79.4, 77.4, 77.1, 76.2, 75.6, 75.0, 73.4 (2), 72.8, 71.9, 71.1, 70.6, 69.6, 69.5, 68.2, 54.6; 
HRMS (m/z): [M+Na]+ calcd. for C55H57O10N, 914.3880; found, 914.3887. 
General Procedure for Polymerization 
In an oven-dried flask, Mal-lactam (0.400 g, 0.448 mmol) and t-butylacetyl chloride 
(10.0 mol% for DP(theo) = 10, 6.67 mol% for DP(theo) = 15, 5.0 mol% for DP(theo) = 20, and 
3.33 mol% for DP(theo) = 30) were dissolved in 5.0 mL of freshly distilled tetrahydrofuran 
(THF, without BHT) which had been dried over molecular sieves. Because small 
quantities of initiator were required, a stock solution of t-butylacetyl chloride in 
tetrahydrofuran was prepared immediately before use and the appropriate volume was 
added to the reaction flask. The reaction flask was cooled to 0°C in an ice bath. Next, an 
appropriate volume of a 0.25 M solution of LiHMDS in THF (25.0 mol% for DP(theo) = 
10, 16.7 mol% for DP(theo) = 15, 12.5 mol% for DP(theo) = 20, and 8.32 mol% for DP(theo) = 
30) was added and the solution was stirred 1-2 hours, and the reaction was monitored by 
GPC. To quench the reaction, a drop of saturated NH4Cl aqueous solution was added to 
the reaction. The solvent was removed and the resultant solid was redissolved in 
dichloromethane (25 mL) and washed with 1 M HCl, saturated NaHCO3, and brine. After 
drying over Na2SO4, the solvent was removed under vacuum. The product was dissolved 
in minimal dichloromethane and precipitated by adding dropwise into a flask of stirred, 
cold hexane (50 mL). The resultant solid was collected by filtration, redissolved in 
dichloromethane, and precipitated in cold methanol and dried. The precipitate was 
collected by filtration and dried under high vacuum (83-91%). Spectral data is listed for 




(br m, 26H); 13C NMR (125 MHz, CDCl3) δ 169.4, 138.8, 138.6, 138.5, 138.1, 137.7, 
128.1 (3), 127.8, 127.7, 127.4, 127.0, 95.7, 82.1, 79.0, 75.4, 74.8, 74.1, 73.2, 72.9, 72.2, 
71.6, 70.8, 69.3, 68.0, 51.6. IR (ATR): 3347 br (NH), 1700 (amide I), 1496 br (amide II), 
1069 cm-1. 
General procedure for Debenzylation 
To a polymer (0.30-0.36 g depending on the sample) solution in 5.0 mL of 
tetrahydrofuran, 1.5 equivalent of LiHMDS was added and the solution was stirred for 5 
minutes at room temperature. The solution was then added into a rapidly stirred solution 
of sodium in anhydrous liquid ammonia (100 mL) at −60 °C under nitrogen (sodium was 
washed in cyclohexane and cut into small pieces before addition). The solution’s deep 
blue color was maintained by adding additional sodium. After 1 hour at −60 °C, saturated 
ammonium chloride solution was added until the blue color disappeared. After 
evaporation of the ammonia in a water bath (room temperature), the resulting aqueous 
layer was washed with diethyl ether. The aqueous solution was dialyzed at room 
temperature for 2 days with six water changes (Spectrum labs dialysis tubing, MWCO 
2000). The solutions were lyophilized to give deprotected Mal-PASs as white fluffy 
solids (76-92%). Spectral data is listed for MP4: 1H NMR (500 MHz, D2O) δ 5.75 (d, J= 
5.0 Hz, 1H), 5.40 (m, 1H), 4.40 (t, J= 9.9 Hz, 1H), 3.87 (d, J= 11.7 Hz, 1H), 3.75 (m, 
6H), 3.60 (m, 1H), 3.52 (m, 1H), 3.43 (t, J= 9.4 Hz, 1H), 3.09 (m, 1H); 13C NMR (125 
MHz, D2O) δ 172.7, 102.7, 80.0, 77.4, 75.7, 75.5, 74.6, 74.5, 72.2, 71.8, 63.4, 63.2, 53.9. 




Glc-PAS and Alt-PAS were obtained according to previously reported 
procedures.271,429  
Glc-PAS: 1H NMR (500 MHz, D2O) δ 5.75 (d, J = 5.1 Hz, 1H), 4.12 (t, J = 10.1, 
1H), 3.75 (br s, 2H), 3.45(m, 2H), 3.05 (dd, J = 11.2, 5.1, 1H); 13C NMR (125 MHz, 
D2O) δ 170.1, 74.6, 73.0, 69.9, 68.3, 60.2, 51.0. IR (ATR): 3612-3111 br, 1672 (amide I), 
1522 br (amide II), 1059 cm-1. 
Alt-PAS: 1H NMR (500 MHz, D2O) δ 5.65 (br s, 1H), 4.60-4.14 (br m, 1H), 4.12-
3.52 (br m, 4H), 3.20-2.58 (br m, 1H); 13C NMR (125 MHz, D2O) δ 171.1, 75.0, 73.8, 




      
 








        





                  














Figure S3.4 IR of Mal-PASs (MP1-MP4). 
 





            
 
 
                    




Figure S3.6 IR of small molecules 
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CHAPTER 4. Design and Synthesis of Gentiobiose Poly-amido-saccharides with 
Immunomodulatory and Antitumor Activities 
4.1 Introduction 
Cancer is one of the leading causes of death worldwide despite continually developed 
tools and therapies for diagnosis and treatment. The major barriers to effective cancer 
treatments include tumor-induced immune suppression448-450 and the severe side effects 
of conventional chemotherapy and radiotherapy, such as cardiotoxicity, hematopoietic, 
and leukopenia.451-456 While immunotherapy, designed to eliminate or reverse tumor-
induced immunosuppression, has been recognized as a promising means of treating 
advanced malignancies, their broad application is restricted by limited clinical efficacy, 
substantial toxicity, as well as requirement of local, patient-specific, high-tech, and good-
manufacturing practice (GMP)-lab support that is not available for patients treated at 
most cancer clinics.457-458 Therefore, the discovery and identification of new and safe 
medicines, supplements, or adjuvants for activating the host immune response, especially 
the less suppressed innate immune system, against cancer is an important goal of research 
in the biomedical field.458  
Mushroom-derived β-glucans have been extensively studied in the last three decades 
because they exhibit potent antitumor and immunostimulating activities while do not 
cause severe side effects.138,459 These polysaccharides typically consist of a linear -
(13)-linked D-glucose backbone with -(16)-linked glucose branches occurring at 
different intervals.460 β-Glucans typically form triple helical conformations in solution via 




weight, the -(16) branching structure, and the helical conformation are favorable 
structural attributes for the biological properties of -glucans.143 However, their 
molecular mechanism study and widespread medicinal application are complicated by the 
difficulties in their extraction and purification, limited solubility, as well as batch-to-
batch variations in terms of composition, branching, conformation, and molecular 
weights depending on different origins and isolation techniques.140 Consequently, crude 
-glucan extracts rather than purified -glucans are used in many reported studies, giving 
rise to a number of inconsistent or even contradictory literature results.140 
A clue to solving these challenges lies in establishing synthetic approaches to provide 
branched polysaccharides and mimetics with well-defined structures and batch-to-batch 
consistency. Herein, we report a novel method to synthesize -(16)-branched poly-
amido-saccharides (PASs) which mimic the composition, branching structure, as well as 
helical conformation of natural -glucan. Using this method, a series of branched PASs 
with different molecular weights and frequencies of branching (FB) are prepared. The 
immunomodulatory properties of these polymers are evident by the secretion of cytokines 
and increased nitric oxide (NO) from RAW 267.4 macrophages in a FB- and dose-
dependent manner. 
4.2 Monomer design and synthesis 
A conventional strategy to prepare unnatural -(16)-branched polysaccharides 
involves glycosylation of linear polysaccharides.331 This method is very versatile as 




used.144,177 However, it is generally difficult to introduce sugar branches regio- and 
stereoselectively to polysaccharides because of the multifunctionality and limited 
solubility of polysaccharides in common organic solvents.165,168,178,461 Degradation of the 
polysaccharide backbone is often observed due to harsh reaction conditions used during 
multistep protection-and-deprotection as well as the glycosylation reactions.176,184 An 
alternative strategy to prepare branched polysaccharides is via cationic ring-opening 
polymerization of 1,6-anhydrodisaccharides.145,147 However, while it was successful in 
preparing various (14)-branched polymers, this method is not applicable to the 
synthesis of (16)-branched polysaccharides due to the occupation of O6 
position.148,150,152,462 Replacing the natural glycosidic linkages in polysaccharides with 
achiral linkages, such as carbonate and amide linkages, is a promising strategy to 
synthesize polysaccharide mimetics with well-defined structures and high molecular 
weights.271,273,294,300,347,429 In order to circumvent the limitations of conventional methods 
to prepare branched polysaccharides, we designed a gentiobiose-based -lactam (Gen-
lactam), which, upon anionic ring-opening polymerization, would afford -(16)-D-
glucose branched poly-amido-saccharides (PASs) with high molecular weights. 
Possessing pendant -(16)-D-glucopyranose branches along the (12)-amide linked 
glucopyranose backbone, these novel polymers mimic the composition, branching 
structure, as well as helical conformation of natural -glucans. 
The synthetic strategy to Gen-lactam is shown in Figure 4.1. Gentiobiose octaacetate 
(G1) was converted into hepta-O-acetyl-α-D-gentiobiosyl bromide (G2) through 




elimination of compound G2 in the presence of zinc and N-methylimidazole (NMI) 
afforded 3,4,2',3',4',6'-hexo-O-acetyl-D-gentiobial (G3) as a white solid.362 Compound 
G3 was de-acetylated, and then benzylated by reaction with benzyl bromide in the 
presence of sodium hydride in N,N-dimethylformamide (DMF). Benzyl ethers are 
 
attractive  protecting groups for polysaccharides because they are less bulky and can be 
removed efficiently from polymers via either Pd-catalyzed hydrogenolysis or metal-
ammonia reduction.333 The [2+2] cycloaddition of 3,4,2',3',4',6'-hexo-O-benzyl-D-
gentiobial (G4) with trichloroacetyl isocyanate (TCAI) proceeded smoothly in 
chloroform at room temperature, providing the gentiobiose-derived -lactams after in situ 
removal of the N-trichloroacetyl group using benzylamine.363 Diastereopure monomer 
Gen-lactam was obtained as a white solid after flash silica chromatography and 
recrystallization from ethyl acetate and cyclohexane. The structure of this new monomer 
was characterized and confirmed by 1H NMR, 13C NMR, COSY, HSQC, and HMBC 
combined with FT-IR spectroscopy, and electrospray ionization mass spectrometry (ESI-
MS) analyses (SI). 
 




4.3 Polymer synthesis and characterization 
The anionic ring-opening polymerization of Gen-lactam proceeded readily in 
tetrahydrofuran (THF), using lithium bis(trimethylsilyl)amide (LiHMDS) as the catalyst 
and 4-nitrobenzoyl chloride as the initiator (Figure 4.2). LiHMDS and acyl chloride is an 
efficient combination that offers excellent control over the anionic polymerization of -
lactam monomers, yielding polymers with well-defined structures.368,465-467 The 
monomer-to-initiator ([M]/[I]) ratios were varied from 15:1 to 100:1 in order to 
synthesize polymers (P1'-P4') with increasing degrees of polymerization (DP). Complete 
 
consumption of the monomer was observed with low [M]/[I] ratios . However, monomer 
1 was not completely consumed at the [M]/[I] of 100:1. Based on proton NMR 
integration of the reaction mixture, only 88% of the monomer was consumed after 6 h of 
reaction. Incomplete monomer conversion at low initiator loadings was also observed for 
the polymerization of monosaccharide β-lactams as well as noncarbohydrate-derived β-
lactam monomers.273,368 This may be ascribed to the low reactivity of longer polymer 
chains or undesired termination reactions occurred at the acylated β-lactam of the 
propagating chain end.  
 





Polymer molecular weights were determined using GPC with THF as the eluent and 
polystyrene as standards which are commonly used for hydrophobic polymer molecular 
weight characterization. Varying [M]/[I] ratios from 15:1 to 100:1 gave benzylated 
polymers (GP1'-GP4') with Mn up to 64200 g/mol, which is considerably higher than the 
polymers obtained from cationic ring-opening polymerization of benzylated 1,6-
anhydrosaccharides (maximum Mn: 23000 g/mol).
149 All the polymers display narrow 
  Table 4.1 Polymer Characterization using GPC, NMR, and Optical Rotation 
Entry Mn(theo)a Mn(GPC)b DP(GPC)b Đc []25
D
 e Yield 
f 
P1' 13530 13300 13.7 1.06 - 90 
P2' 22450 20700 22.0 1.04 - 94 
P3' 44750 41100 44.9 1.05 - 89 
P4' 89350 64300 70.9 1.07 - 82 
P1 5420 7500 19.9 1.18 +63.9 81 
P2 8920 10900 29.5 1.20 +68.0 84 
P3 17700 19200 53.2 1.16 +67.3 86 
P4 35250 36700 103.0 1.24 +65.8 93 
a Calculated based on [M]/[I] ratios, g/mol. b Determined by THF GPC against polystyrene standards 
for P1'-P4', or aqueous GPC against dextran standards for P1-P4, g/mol. c Mw/Mn. d Determined by 
NMR end group analysis. e Measured by polarimeter in chloroform for P1'-P4' or water for P1-P4, °. f 
Isolated yield, %. 
        
 
Figure 4.3 (A) THF GPC traces of GP1'-GP4'; (B) CD spectra of GP1-GP4 in water at 25 C; 




unimodal molecular weight distributions (Đ=1.04-1.07), as measured by GPC, indicating 
formation of well-defined polymers (Figure 4.3A).  
Polymers GP1'-GP4' were debenzylated using sodium metal in liquid ammonia 
followed by extensive dialysis against water.271 After lyophilization, deprotected Gen-
PASs (GP1-GP4) were isolated as fluffy white solids in high yields (81-93%). Complete 
removal of the benzyl protecting groups was confirmed by the disappearance of the 
aromatic proton peaks at 6.80-7.49 ppm in the 1H NMR spectra and the aromatic C-H 
stretch at 3000-3100 cm-1 in the FT-IR spectra (Figure S4.1). The 1H NMR spectra of 
GP1-GP4 collected in D2O showed well-resolved signals and couplings (SI). The small J-
coupling between protons H1 and H2 (4.7 Hz) and large couplings between protons H2 
and H3 (9.9 Hz) and between protons H3 and H4 (10.0 Hz) indicate a chair conformation 
for the backbone sugar repeating unit. In the 13C NMR spectra, the carbon signals 
corresponding to the disaccharide repeating unit appear as thirteen sharp peaks, indicating 
that Gen-PASs are stereoregular polymers and no epimerization occurred under the 
polymerization and Birch reduction conditions. Specific optical rotations ([]25
D
) of GP1-
GP4 measured in water range from +64° to +67°, for comparison, glucose-derived PASs 
(Glc-PASs) possess a []25
D
 of about +151°. The decreased []25
D
 values of GP1-GP4 
compared to Glc-PASs are attributed to the introduction of -glucose branches to the -
linked PAS polymer backbone.148 The molecular weights of Gen-PASs were determined 
by aqueous GPC with dextran standards. Based on GPC analysis, GP1-GP4 possess Mn 
values ranging from 7500 to 36700 g/mol with narrow dispersities (Đ=1.16-1.24). The 




benzylated polymers GP1'-GP4' (Table 1). This minor discrepancy in the polymer chain 
lengths may arise from the underestimation of the molecular weights of the benzylated 
polymers GP1'-GP4', since branched polymers, in general, possess more compact 
structure and smaller hydrodynamic volumes compared to the linear polymer standards 
(polystyrene).197 
Gen-PASs are highly soluble in water, and aqueous solutions of GP1-GP4 were stable 
and remained clear for a week of observation at 25 C at concentrations up to 50.0 
mg/mL (higher concentrations were not investigated). To investigate the solution 
conformation of Gen-PASs, CD spectra of GP1-GP4 were recorded in water. As shown 
in Figure 4.3B, the CD spectra of GP1-GP4 display a minimum at 222 nm and a 
maximum at 188 nm, similar to the CD spectra of Glc-PASs, indicating that Gen-PASs 
adopt a similar left-handed helical conformation in aqueous solutions.274 In order to 
evaluate the stability of this conformation, the CD spectra of polymer GP3 were collected 
under various conditions. As shown in Figure 4.3C, the CD spectrum of GP3 remains 
unchanged over a broad pH range from 2.0 to 12.0, or in presence of high ionic strength 
(2.0 M NaCl), or with protein denaturant (4.0 M urea), showing that the conformation of 
Gen-PASs is stable in aqueous solutions. 
4.4 Synthesis of PASs with various degrees of branching 
The FB of polysaccharides plays important roles in determining their 
physicochemical and biological properties.138 For the synthesis of branched 
polysaccharides, an attractive advantage of the polymerization strategy over the 




feed ratios in the copolymerization of disaccharide and monosaccharide monomers.332 In 
order to synthesize PASs with most potent immunomodulatory activity, the 
copolymerization of Gen-lactam and glucose-derived -lactam (Glc-lactam) was carried 
out with the mole fraction of Gen-lactam monomer ranging from 0 to 70% in the feed 
(Figure 4.4). The total mass of the monomers and the mole number of the initiator were 
kept constants in order to synthesize copolymers with same molecular weight. The 
copolymerization proceeded efficiently to give a series of copolymers in high yields (82-
91%). The Mn values of the copolymers, as measured by GPC, showed a trend of 
 
Figure 4.4 Copolymerization of Gen-lactam with Glc-lactam and deprotection. 
  Table 4.2 Polymer Characterization using GPC, NMR, and Optical Rotation 
Entry Gen-lactam feed ratio a Mn(GPC) b Đ c []25
D
 e FB 
f Yield g 
P5' 0 37200 1.05 - N.D. 88 
P6' 10 41400 1.05 - N.D. 91 
P7' 30 38600 1.06 - N.D. 90 
P8' 50 35800 1.07 - N.D. 87 
P9' 70 34600 1.17 - N.D. 84 
P5 0 17500 1.34 +152.0 0 80 
P6 10 21100 1.37 +137.6 10.6 89 
P7 30 18600 1.36 +114.7 31.2 86 
P8 50 17700 1.47 +87.9 53.1 92 
P9 70 17400 1.30 +78.3 71.8 85 
a For P1'-P4': calculated based on [M]/[I] ratios g/mol, for P1-P4: calculated based on the DP of 
benzylated polymers. b Determined by THF GPC against polystyrene standards for P1'-P4', or 
aqueous GPC against dextran standards for P1-P4, g/mol. c Mw/Mn. d Determined by NMR end 





decrease as the mole fraction of Gen-lactam in feed increases (Table 4.2). This may arise 
from the relatively lower reactivity of Gen-lactam compared to Glc-lactam because of 
steric hindrance, or due to the contraction of hydrodynamic volumes for the copolymers 
with high FB values.154 Direct calculation of the FB values from the 1H proton NMR 
spectra of benzylated copolymers was not successful due to the broadened and 
overlapped protons signals. Debenzylation of the copolymers were performed under the 
same condition as the homopolymers. After removal of benzyl protecting groups, the 
proton signals of GP5-GP9 are well resolved. The FB values of these copolymers were 
determined by integration of the H1' proton of the gentiobiose repeating units compared 
to the H1 protons from both the gentiobiose and glucose repeating units. The results are 
in good agreement with the monomer feed ratios. The solubility of copolymers in water is 
dependent on the branching frequencies. CD analysis shows that all the copolymers GP5-
GP9 adopt a left-handed helical conformation in water.  
4.5 Immunostimulating activity of (16)--glucose branched PASs 
Macrophages, which are one of the most important immune cells in the innate 
immune system, play essential and pivotal roles in protecting the body from microbial 
infection and tumorigenesis.468 The defense mechanism of macrophages includes 
phagocytosis of pathogens and apoptotic cells, production of cytokines, and proteolytic 
processing and presentation of foreign antigens.469 -Glucans are not produced by 
animals and therefore serve as pathogen-associated molecular patterns (PAMPs) that 
facilitate microbial recognition by the innate immune system of vertebrates and 




macrophages by natural -glucans results in enhanced production of a broad spectrum of 
cytokines and mediators, such as tumor necrosis factor (TNF-α), interleukins (ILs), and 
nitric oxide (NO).459 Therefore, enhanced cytokine production is often used as a key 
indicator of macrophage activation. In this study, the immunomodulatory activity of 
(16)--glucose branched PASs were evaluated on the RAW264.7 mouse macrophage 
cell line by measuring the release of TNF-α, IL-6 secretion, NO production, and the rate 
of macrophage phagocytosis. 
4.6 TNF-α and IL-6 secretion 
TNF-α is one of the most vital immunoregulatory cytokines and performs a pivotal 
part in pleiotropic effects, such as tumour regression, infammation, angiogenesis, and 
immunity.471-472 Upon appropriate stimulation, macrophages secrete TNF-α, which 
further activates the macrophages in an autocrine manner, leading to a more efficient 
attack on the foreign invaders and tumor cells.473 To assess the effect of PASs on the 
secretion of TNF-α, RAW264.7 macrophage cells were treated with branched PASs with 
various FB values at a concentration of 100 g/mL for 8 h. As shown in Figure 4.5A, all 
the branched PASs significantly increase TNF-α production in RAW264.7 cells 
compared to the untreated cells, indicating direct stimulation of RAW264.7 cells. The 
amount of TNF-α secretion is greatly influenced by the frequency of branching, and the 
branched PAS with a FB value of 30% (GP7) is superior to the other PASs in TNF-α 
secretion (5.36 ng/mL). In sharp contrast, linear Glc-PAS do not enhance TNF-α 




indispensable for the immunomodulatory activities of PASs. Since the PAS with a FB of 
30% induced the highest TNF-α production, it was chosen to examine the effect of 
polymer concentration on macrophage activation. As shown in Figure 4.5B, GP7 
enhances the TNF-α production of RAW264.7 cells in a dose-dependent manner. The 
TNF-α secretion of RAW264.7 cells increases with increasing GP7 concentrations over 
the concentration range tested in this study (0-200 μg/mL). 
 
Treatment of RAW264.7 cells with (16)--glucose branched PASs also results in 
increased production of IL-6 in a FB-dependent manner, with the 30% branched PAS 
being most effective. As shown in Figure S4.4, a minimum amount of IL-6 is released 
when RAW264.7 macrophages are exposed to medium alone, whereas incubation of 
           
           
Figure 4.5 (A) TNF- secretion by RAW264.7 cells incubated with (16)--glucose (100 
μg/mL) at 37 °C for 8 h; (B) Effect of the concentration of GP7 (FB 30%) on TNF- secretion 
by RAW264.7 cells; (C) NO secretion by RAW264.7 cells incubated with (16)--glucose 
(100 μg/mL) at 37 °C for 24 h; (D) Effect of the concentration of GP7 (FB 30%) on NO 
secretion by RAW264.7 cells; (E) Effect of Mn (FB 30%) on TNF- secretion by RAW264.7 




these cells with GP7 at 100 μg/mL causes the production of 3.44 ng/mL of IL-6, which is 
about 18.6 times higher than that produced in untreated cells. IL-6 is a pleiotropic 
cytokine which plays a crucial role in host immune response, acute protein synthesis, and 
maintenance of homeostasis.474-475 The secretion of IL-6 has been implicated as one of 
the cytostatic/cytocidal factors in the antitumor action of activated macrophages.143 
Enhanced production of IL-6 by the (16)--glucose branched PASs demonstrates that 
these polymers possess immunomodulatory activity. 
4.7 Nitric Oxide (NO) secretion 
NO is a short-lived radical synthesized by the inducible NO synthase (iNOS) during 
macrophage activation.476 Accumulating evidence has shown that NO is a crucial 
messenger mediating diverse biological functions, such as neuronal transmission, 
vascular relaxation, immune modulation, and cytotoxicity against tumor cells.477-479 To 
evaluate the NO-inducing activity of branched PASs, RAW264.7 cells were treated with 
polymers at a concentration of 100 μg/mL for 24 h. As shown in Figure 4.5C, the level of 
NO produced from RAW264.7 cells by linear Glc-PAS (GP5) is very low (3.76 M), 
indicating its weak stimulating activity toward macrophages. On the other hand, the NO 
secretion is markedly augmented after treatment with the (16)--glucose branched 
PASs. The maximum NO production is achieved again for polymer GP7 (27.32 M), 
which is 16.8 times that of the control group. The results that PAS with a FB of 30% is 
most effective in activating macrophages are in agreement with previous studies, where 




antitumor activity against Sarcoma 180 in vivo.480 Using branched PAS with a FB of 
30%, the PAS concentration dependence on NO secretion was also examined. As shown 
in Figure 4.5D, the levels of NO secretion from GP7-treated RAW264.7 cells were 
elevated in a dose-dependent manner. At a concentration of 200 g/mL, the NO 
production reached 40.67 M, which is 25.0 times that of the untreated cells. 
4.8 Influence of molecular weight on TNF- and NO secretion 
Polymer molecular weight is an important factor that influences the biological 
activities of polysaccharides. A variety of studies have shown that -glucans with high 
molecular weights exhibit stronger immunomodulatory and antitumor activities than low 
molecular weight -glucans.481-482 In order to evaluate the effect of polymer size on the 
immunomodulatory activity of (16)--glucose branched PASs, we synthesized a series 
of 30% branched PASs with molecular weights ranging from 3600 to 46100 g/mol, and 
studied the TNF-- and NO-inducing activities of these polymers in RAW264.7 
macrophage cells. Both the copolymerization and deprotection reactions proceeded 
smoothly in high yields (Table S4.1). As shown in Figure 4.5E, the TNF-α secretion from 
RAW264.7 cells increases quite rapidly with increasing the Mn at the beginning, and 
then reaches a plateau at the Mn value of 18850 g/mol. Future increase of the Mn has no 
significant enhancement of TNF-α production. On the other hand, the NO production 
from RAW264.7 cells continues to increase from a Mn of 3600 to 46100 g/mol (Figure 
4.5F). For polymer GP13, the level of NO reaches 39.75 M, which is 24.4 times that of 




4.9 In vitro cytotoxicity and antitumor activity of (16)--glucose branched PASs  
As a first step towards future clinical use of (16)--glucose branched PASs, we 
evaluated the cytotoxicity of these polymers against RAW264.7 macrophage, liver 
hepatocellular cells (HepG2), and a murine Sarcoma cancer cell (Sarcoma-180) in vitro. 
The cells were incubated for 24 hours with various concentrations of the polymers. The 
relative viabilities of polymer-treated cells were measured by a MTS cell 
proliferation assay and normalized to the values of medium-treated control cells. As 
shown in Figure 4.6A, none of the PASs inhibited proliferation/viability of RAW264.7 
cells at concentrations of 100 and 1000 μg/ml, indicating that the activation of 
macrophages was not due to cytotoxic effects on the cells. No anti-proliferation effect of 
these PASs on HepG2 and Sarcoma 180 cells was observed at concentrations up to 1000 
μg/mL, showing that they had no direct cytotoxicity to these cell lines (Figure 4.6B and 
4.6C).  
4.10 Conclusion 
In summary, Ring-opening polymerization of a gentiobiose-based -lactam (Gen-
lactam) and copolymerization with Glc-lactam afford new (16)--glucose branched 
        
Figure 4.6 Cytotoxicity of (16)--glucose branched PASs in (A) RAW264.7, (B) HepG2, 





polysaccharide mimetics. This new method possesses several advantages over the 
conventional glycosylation strategy in preparing synthetic (16)--glucose branched 
polysaccharides including: 1) the branching frequency is easily adjusted by changing the 
feed ratios of disaccharide and monosaccharide monomer; 2) control over the polymer 
length is achieved by varying the monomer-to-initiator ratios; 3) epimerization or 
backbone degradation does not occur during the polymerization and deprotection 
reactions. The (16)--glucose branched PASs are water soluble and share many 
structural features with natural -glucans, such as having sterochemically definded 
pyranose backbones, possessing (16)--glucose branches, and adopting a helical 
conformation in solution. Bioactivity assays show that these (16)--glucose branched 
PASs stimulate macrophages to induce the secretions of TNF-α, IL-6, and NO in a dose- 
and FB-dependent manner, with the 30% branched PAS being the most 
immunomodulatory. MTS proliferation assays reveal that these (16)--glucose 
branched PASs are non-cytotoxic to RAW264.7, HepG2, and Sarcoma-180 cells. The 
current study shows that (16)--glucose branched PASs exhibit potential utility as 
potent biological response modifiers for cancer treatment. Further investigations on the 
mechanism by which these polymers induce the immumomodulatory effects are in 
progress. 
4.11 Materials and Methods 




Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar, and 
were used as received unless otherwise noted. 1,2,3,6,2',3',4',6'-octa-O-acetyl--D-
gentiobiose and 3,4,6-tri-O-benzyl-D-glucal starting materials were purchased from 
Carbosynth, LLC (San Diego, California). Solvents used for the polymerization reactions 
were dried and freshly distilled prior to use. All reactions were carried out under nitrogen 
using standard techniques, unless otherwise noted. Lyophilization was performed using a 
Virtis Benchtop 4K freeze dryer Model 4BT4K2L-105 at -40 C. 1H NMR and 13C NMR 
spectra were recorded on a Varian INOVA 500MHz spectrometer. Infrared spectroscopy 
(FT-IR) was performed on a Nicolet FT-IR with a horizontal attenuated total reflectance 
(ATR) adapter plate. Specific optical rotations were determined at 25 C using a Rudolph 
Autopol II polarimeter operating at 589 nm in a 50 mm pathlength cell. The molecular 
weights of benzylated polymers were determined by gel permeation chromatography 
(GPC) against polystyrene standards using THF as the eluent at a flow rate of 1.0 mL/min 
through two Jordi columns (Jordi Gel DVB 105 Å and Jordi Gel DVB 104 Å, 7.8 x 300 
mm) at 25 °C with a refractive index detector. The molecular weights of the deprotected 
polymers were determined by GPC versus dextran standards using aqueous buffer (0.2 M 
NaNO3, 0.010 M phosphate buffer, pH 7.5) as the eluent at a flow rate of 0.50 mL/min 
through two Agilent PL aquagel columns (OH MIXED-M and OH 30, 7.5 x 300 mm) at 
25 °C with a refractive index detector. Circular dichroism (CD) studies were performed 
in a 1 mm path length cuvette using an Applied Photophysics CS/2Chirascan with a 
standard Mercury lamp. 




The cytotoxicity of Gen-PASs and copolymers was evaluated using an MTS cell 
proliferation assay in three cell lines: murine macrophage (RAW264.7), human liver 
carcinoma (HepG2), and murine Sarcoma cancer (Sarcoma 180) cells in vitro. RAW 
264.7, HepG2 and Sarcoma 180 cells (ATCC) were maintained at 37 °C under 5% 
CO2 using DMEM media containing 10% fetal bovine serum and 1% glutamine–
penicillin–streptomycin. MTS assay (CellTiter 96 Aqueous One, Promega, Madison, WI) 
was used to assess polymers cytotoxicity. Briefly, cells were cultured in a 96-well plate at 
1.0 × 104/well for 24 h, after which the medium was exchanged for media containing 
either no treatment or 100 or 1000µg/mL of polymers. The cells were incubated with 
treatment for 24 hours, after which cell viability was quantified relative to the no 
treatment control, after correcting for background absorbance at 492 nm. Three wells per 
treatment concentration were used, and the assay was repeated three times for each cell 
line. 
Determination of TNF- secretion in RAW 264.7 cells 
RAW264.7 cells were seeded in each well of 24-well plates (5 × 105/well) with 1 mL 
of DMEM containing 10% heat-inactivated FBS. After incubating the cells for 24 h at 37 
°C, the polymers solution (final concentration 100 μg/mL) was added in triplicates, and 
the cells were incubated at 37 °C for 8 h. TNF- secretion was measured using the L929 
cell bioassay as follows: L929 cells were seeded in each well of 96-well plates (1.0 × 
104/well) with 50 μL MEM containing 10% heat-inactivated FBS. After 24 h at 37 °C, 25 
μL of actinomycin D (4 μg/mL) was added to each well. A sample solution, which was 




cells with the polymers, or diluted TNF- solution (0.0032-10 ng/mL in MEM) was then 
added (25 μL/well), and the cells were incubated. After 24 h, the medium was removed, 
and the cells were washed with PBS. They were fixed with 100 μL/well of glutaraldehyde 
solution, which was obtained by diluting aqueous glutaraldehyde with PBS 100 times and 
washed with water. A 0.2% crystal violet solution (w/v) in 2% ethanol solution (50 μL/ 
well) was added, and after 30 min, the cells were washed with water. The stained cells 
were lysed with 100 μL/well of 50% (v/v) ethanol containing 50 mM sodium dihydrogen 
phosphate, and the absorbance at 595 nm was measured (BioTek Synergy HT, #185990). 
Assay for NO Secretion in RAW264.7 Cells.  
RAW264.7 cells were seeded in each well of 24-well plates (5 × 105/well) with 1 mL 
of DMEM containing 10% heat-inactivated FBS. After a 24 h incubation at 37 °C, 
polymers solution at (final concentration 100 μg/mL) was added in triplicates, and the 
cells were incubated for 24 h at 37 °C. NO secretion was assayed as follows: briefly, 100 
μL of the supernatant was treated with an equal volume of the Griess reagent (Promega) 
(2% sulfanilamide, 0.2% naphthylethylene diamine dihydrochloride, and 5% phosphoric 
acid) for 10 min at room temperature in the dark. The optical density of the mixture was 
measured at 540 nm, with sodium nitrite solutions (0.5-100 μM) being used as standards 
(BioTek Synergy HT, #185990). 
Determination of IL-6 secretion in RAW 264.7 cells 
RAW264.7 cells were seeded in each well of 96-well plates (1.0 × 104/well) with 




and the cells were incubated at 37 °C. After the treatment for 24 h, the media is collected 
and centrifuged (500 x g) for 5 min. The supernatant obtained was analyzed by sandwich 
ELISA kits for IL-6, following the manufacturers’ instructions (R&D systems, 
Minneapolis, MN, USA). 
Small Molecule Synthetic Procedures 
 
Scheme S1. Synthetic route for Gen-lactam 
2,3,4,2',3',4',6'-hexo-O-acetyl--D-gentiobiosyl bromide (G2). To a solution of 
compound G1 (50g, 73.7 mmol) and acetic anhydride (20 mL) in anhydrous CHCl3 (200 
mL) was added 33% solution of hydrogen bromide in AcOH (125 mL) slowly at 0 C. 
The solution was allowed to stir for 4 h in ice bath,  then the reaction mixture was poured 
into ice-water (500 mL), extracted with CHCl3 (3 x 150 mL). The combined organic 
layers were washed with a saturated aqueous solution of NaHCO3 until neutral pH, and 
then with brine (200 mL). The organic layer was then dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified by silica gel column 
chromatography (cyclohexane–EtOAc, 2:1) and recrystallization (cyclohexane-Et2O) to 




= 4.0 Hz, 1H), 5.51 (t, J = 9.7 Hz, 1H), 5.18 (t, J = 9.5 Hz, 1H), 5.05 (m, 2H), 4.98 (dd, J 
= 9.6, 8.0 Hz, 1H), 4.77 (dd, J = 10.0, 4.0 Hz,  1H), 4.52 (d, J = 8.0 Hz,1 H), 4.23 (m, 2 
H), 4.11 (dd, J = 12.4, 2.4 Hz, 1H), 3.96 (dd, J = 11.5, 2.2 Hz, 1H), 3.67 (ddd, J = 10.0, 
4.7, 2.4 Hz, 1H), 3.59 (dd, J = 11.6, 5.1 Hz, 1H), 2.04 (m, 21H); 13C NMR (125 MHz, 
CDCl3): δ 170.6, 170.2, 169.8 (2), 169.7, 169.5 169.3 (2), 100.7, 86.5, 73.1, 72.6, 71.9, 
70.8, 70.5, 70.2, 68.2, 67.5, 66.6, 61.8, 21.7 (2), 20.6 (5); HRMS (m/z): [M+Na]+ calcd. 
for C26H35BrO17Na, 721.0955; found, 721.0950. 
3,4,2',3',4',6'-hexo-O-actyl-D-gentiobial (G3). The procedure was adapted from the 
literature with minor changes. 2,3,4,2',3',4',6'-hepta-O-acetyl--D-gentiobiosyl bromide 
(G2) (24.8 g, 35.4 mmol) was dissolved in EtOAc (350 mL), then activated Zn powder 
(13.9 g, 212.6 mmol) and N-methylimidazole (3.0 mL, 37.7 mmol) were added. The 
mixture was refluxed for 3 hours. After cooling to room temperature, the mixture was 
filtered through Celite and the filtrate washed with 10% HCl (200 mL), sat. NaHCO3 
(200 mL) and brine (200 mL), then dried with sodium sulfate (Na2SO4). After filtration, 
the solvent was evaporated under vacuum. The crude product was purified by flash 
chromatography (EtOAc-hexane, 1:2) to afford compound G3 (17.2 g, 86%) as a white 
solid. 1H NMR (500 MHz, CDCl3): δ 6.44 (dd, J = 6.2, 1.3 Hz, 1H), 5.28 (m, 1H), 5.19 
(t, J = 9.4 Hz, 1H), 5.09 (m, 2H), 4.98 (dd, J = 9.8, 8.0 Hz, 1H), 4.80 (dd, J = 6.2, 3.4 Hz, 
1H), 4.56 (d, J = 8.0 Hz, 1H), 4.25 (dd, J = 12.4, 4.6 Hz, 1 H), 4.20 (td, J = 7.0, 3.4 Hz, 
1H), 4.12 (dd, J = 12.4, 2.4 Hz, 1H), 3.98 (dd, J = 11.4, 3.4 Hz, 1H), 3.72 (dd, J = 11.4, 
6.8 Hz, 1H), 3.68 (ddd, J = 9.9, 5.4, 2.8 Hz, 1H), 2.03 (m, 18H); 13C NMR (125 MHz, 




68.2, 67.4, 67.2, 67.0, 61.8, 21.0, 20.8, 20.7, 20.6 (3); HRMS (m/z): [M+Na]+ calcd. for 
C24H32O15Na, 583.1639; found, 583.1667. 
3,4,2',3',4',6'-hexo-O-benzyl-D-gentiobial (G4). To a solution of compound G3 
(16.0 g, 28.5 mmol) in methanol (200 mL), K2CO3 (600 mg, 3.61 mmol) was added. The 
mixture was stirred at room temperature for 12 hours. The solvent was then evaporated 
and D-gentiobial was used in the next step without further purification. 
To the solution of D-gentiobial (8.8 g, 28.5 mmol) and tetrabutylammonium bromide 
(462 mg, 1.43 mmol) in DMF (300 mL), NaH (5.40 g, 213.7 mmol) was added slowly at 
0 °C. The solution was stirred for 30 minutes at room temperature. After cooling down to 
0 °C, benzyl bromide (26.4 mL, 222.6 mmol) was added dropwise and the reaction 
mixture was warmed up to room temperature and stirred for 36 hours. After quenching 
the reaction with water, 300 mL ethyl acetate was added to the solution. The organic 
phase was washed with water and brine, and dried over Na2SO4. After filtration, the 
solvent was evaporated under vacuum. The crude was purified by silica gel flash 
chromatography (EtOAc–hexane from 1: 20 to 1: 6) and yielded compound G4 as white 
solid (21.9g, 90%). 1H NMR (500 MHz, CDCl3): δ 7.40-7.10 (m, 30 H), 6.42 (dd, J = 
6.2, 1.2 Hz, 1H), 5.02 (d, J = 10.9 Hz, 1H), 4.94 (d, J = 10.8 Hz, 1H), 4.90 (dd, J = 6.2, 
3.0 Hz, 1H), 4.80 (m, 2H), 4.73 (m, 2H), 4.62 (m, 3H), 4.53 (m, 3H), 4.42 (d, J = 7.8 Hz, 
1H), 4.22 (m, 2H), 4.14 (m, 1H), 3.88 (dd, J = 11.1, 6.4 Hz, 1H), 3.78 (dd, J = 7.4, 5.4 
Hz, 1H), 3.70 (m, 2H), 3.62 (m, 2H), 3.45 (t, J = 8.2 Hz, 1H), 3.42 (ddd, J = 9.4, 4.3, 2.0 
Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 144.6, 138.6, 138.4, 138.2 (2), 138.1, 128.4 (3), 




76.2, 75.7, 75.0, 74.9, 74.8, 74.3, 74.2, 73.5, 73.1, 70.3, 68.9, 68.6; HRMS (m/z): 
[M+Na]+ calcd. for C54H56O9Na, 871.3822; found, 871.3837. 
Gen-lactam. The procedure was adapted from the literature with minor changes.364 
To a solution of G4 (12.4 g, 14.6 mmol) in anhydrous chloroform (30 mL), 
trichloroacetyl isocyanate (3.5 mL, 29.3 mmol) was added at room temperature. The 
mixture was stirred at room temperature to complete the cycloaddition (monitored by 1H 
NMR). Subsequently, the mixture was diluted with chloroform (30 mL) and cooled to -
30°C, after which benzylamine (5.2 mL, 47.4 mmol) in chloroform (50 mL) was added 
slowly, and the mixture was allowed to rise to room temperature. The solvent was then 
evaporated and the residue was treated with diethyl ether. The crystalline precipitate was 
removed by filtration and washed with hexane. This filtrate and washings were combined 
and evaporated under vacuum. The crude was purified by silica gel flash chromatography 
(EtOAc–hexane from 1: 5 to 1: 2) and recrystallization (cyclohexane-EtOAc) to give 
Gen-lactam as a white solid (4.8 g, 36.8%). 1H NMR (500 MHz, CDCl3): δ 7.38-7.12 (m, 
30 H), 6.10 (s, 1H), 5.46 (d, J = 4.4 Hz, 1H), 4.95 (d, J = 11.2 Hz, 1H), 4.92 (d, J = 10.8 
Hz, 1H), 4.79 (m, 3H), 4.66 (m, 3H), 4.51 (m, 4H), 4.42 (d, J = 7.8 Hz, 1H), 4.19 (m, 
1H), 4.12 (m, 2H), 3.77 (m, 2H), 3.69 (dd, J = 10.8, 4.6 Hz, 1H), 3.63 (t, J = 9.0 Hz, 1H), 
3.58 (t, J = 9.4 Hz, 1H), 3.50 (m, 2H), 3.41 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 
167.0, 138.6, 138.5, 138.0, 137.8 (2), 137.3, 128.5, 128.4 (3), 128.1, 127.9 (4), 127.8, 
127.7 (2), 127.6, 104.6, 84.6, 82.3, 77.6, 77.2, 76.7, 76.5, 76.4, 75.7, 75.0, 74.7, 74.5, 
73.2, 71.0, 70.4, 68.6, 68.5, 54.6; HRMS (m/z): [M+Na]+ calcd. for C55H57O10N, 




General Procedure for Polymerization 
In an oven-dried flask, Gen-lactam (0.400 g, 0.448 mmol) and p-nitrobenzoyl 
chloride (6.67 mol% for DP(theo) = 15, 4.0 mol% for DP(theo) = 25, 2.0 mol% for DP(theo) = 
50, and 1.0 mol% for DP(theo) = 100) were dissolved in 6.0 mL of freshly distilled 
tetrahydrofuran (THF, without BHT) which had been dried over molecular sieves. 
Because small quantities of initiator were required, a stock solution of p-nitrobenzoyl 
chloride in tetrahydrofuran was prepared immediately before use and the appropriate 
volume was added to the reaction flask. The reaction flask was cooled to 0°C in an ice 
bath. Next, an appropriate volume of a 0.25 M solution of LiHMDS in THF (16.7 mol% 
for DP(theo) = 15, 10.0 mol% for DP(theo) = 25, 5.0 mol% for DP(theo) = 50, and 2.5 mol% 
for DP(theo) = 100) was added and the solution was stirred 2-5 hours, and the reaction was 
monitored by GPC. To quench the reaction, a drop of saturated NH4Cl aqueous solution 
was added to the reaction. The solvent was removed and the resultant solid was 
redissolved in dichloromethane (25 mL) and washed with 1 M HCl, saturated NaHCO3, 
and brine. After drying over Na2SO4, the solvent was removed under vacuum. The 
product was dissolved in minimal dichloromethane and precipitated by adding dropwise 
into a flask of stirred, cold hexane (50 mL). The resultant solid was collected by 
filtration, redissolved in dichloromethane, and precipitated in cold methanol and dried. 
The precipitate was collected by filtration and dried under high vacuum (85-94%). 
Spectral data is listed for GP3':  
1H NMR (500 MHz, CDCl3) δ 7.45-6.75 (br m, 30H), 5.41 (br s, 1H), 4.92-2.60 (br 




(3), 127.8, 127.7, 127.4, 127.0, 95.7, 82.1, 79.0, 75.4, 74.8, 74.1, 73.2, 72.9, 72.2, 71.6, 
70.8, 69.3, 68.0, 51.6. IR (ATR): 3347 br (NH), 1700 (amide I), 1496 br (amide II), 1069 
cm-1.  
Copolymerization of Gen-lactam and Glc-lactam was conducted according to similar 
procedures.  
General procedure for Debenzylation 
To a polymer (0.32-0.35g depending on the sample) solution in 5.0 mL of THF, 1.5 
equivalent of LiHMDS was added and the solution was stirred for 5 minutes at room 
temperature. The solution was then added into a rapidly stirred solution of sodium metal 
in anhydrous liquid ammonia (100 mL) at −60 °C (dry ice-isopropyl ether bath) under 
nitrogen (sodium was washed in cyclohexane and cut into small pieces before addition). 
The solution’s deep blue color was maintained by adding additional sodium. After 1 hour 
at −60 °C, saturated ammonium chloride solution was added until the blue color 
disappeared. After evaporation of the ammonia in a warm water bath, the resulting 
residue was washed with diethyl ether. The aqueous solution was dialyzed at room 
temperature for 2 days with six water changes (Spectrum labs dialysis tubings, MWCO 
2000-10000 depending on the sample). The solutions were lyophilized to give 
deprotected Gen-PASs as white fluffy solids (81-93%). Spectral data is listed for GP3: 1H 
NMR (500 MHz, D2O) δ 5.75 (d, J= 4.8 Hz, 1H), 4.47 (d, J= 7.8 Hz, 1H), 4.18 (t, J= 10.0 
Hz, 1H), 3.95 (m, 3H), 3.72 (m, 2H), 3.48 (m, 3H), 3.43 (t, J= 9.3 Hz, 1H), 3.33 (t, J= 8.6 




74.6, 72.4, 72.3, 71.0, 70.5, 63.6, 54.0. IR (ATR): 3350 br, 1680 (amide I), 1540 (amide 
II), 1032 cm-1.  
Glc-PAS (GP5): 1H NMR (500 MHz, D2O) δ 5.75 (d, J = 5.1 Hz, 1H), 4.12 (t, J = 
10.1, 1H,), 3.75 (br s, 2H), 3.45(m, 2H), 3.05 (dd, J = 11.2, 5.1, 1H); 13C NMR (125 
MHz, D2O) δ 170.1, 74.6, 73.0, 69.9, 68.3, 60.2, 51.0. IR (ATR): 3612-3111 br, 1672 






  Table S4.1 Polymer Characterization using GPC, NMR, and Optical Rotation 
Entry [M]:[I] a Mw(GPC) b Mw(GPC) b Đ c FB d Yield e 
P10' 17 10500 9700 1.08 N.D. 95 
P11' 30 26200 24800 1.05 N.D. 87 
P12' 100 59000 55900 1.06 N.D. 91 
P13' 200 75200 71600    1.05 N.D. 85 
P10 17 4200 3600 1.18 31.1 78 
P11 30 17000 12100 1.41 31.8 88 
P12 100 37400 27500 1.36 30.1 92 
P13 200 58800 46100 1.27 32.4 94 
a Monomer-to-initiator ratios. b Determined by THF GPC against polystyrene standards 
for P10'-P13', or aqueous GPC against dextran standards for P10-P13, g/mol. c Mw/Mn. d 




                 
 
                 
 
 
Figure S4.1 IR of Gen-PASs (GP1-GP4). 
 
 





                  
 








Figure S4.4 IL-6 secretion by RAW264.7 cells incubated with (16)-


























































































































































13C NMR of GP3 
 
 

























































































1H NMR of GP10 
 
 







1H NMR of GP12 
 
 










































































1H NMR of GP8' 
 
 





CHAPTER 5. Summary and Future Direction 
5.1 Summary 
Polysaccharides exist ubiquitously in nature, and play varied and essential roles in 
supporting biological systems. However, the understanding and manipulation of these 
biopolymers have been limited by the structural complexity and lack of a thorough 
understanding in structure-function relationships. While polysaccharides isolated from 
natural sources have been used in numerous biomedical, clinical, and industrial 
applications, they suffer from several problems including lack of reliable sources, 
difficulty in purification, and batch-to-batch variation. The synthesis of polysaccharides 
with well-defined structures has been a research goal for decades, because it can not only 
provides useful information to elucidate the relationship between polysaccharide 
structure and activity, but also provides non-natural polysaccharides with interesting new 
properties. However, this has proven to be very challenging due to the presence of 
multiple hydroxyl groups and difficulty in controlling the stereochemical outcome of 
glycosylation reactions.  
The anionic ring-opening polymerization of sugar-based β-lactam monomers 
represents a novel strategy to synthesize amide-linked saccharide polymers, termed poly-
amido-saccharides (PASs), with well defined structures and high molecular weights. This 
method ensures polymer stereoregularity as the polymerization proceeds via the ring-
opening of four-membered β-lactam ring without affecting the stereochemistry of 
anomeric carbon. PASs share many important structural features with natural 




backbone, and possessing multiple hydroxyl groups. The previously synthesized glucose- 
or galactose-PASs are hydrophilic polymers with sugar units joined by -N-(12)-D-
amide linkages, and adopt left-handed helical conformations. Our current interest lies in: 
1) controlling PASs conformation a priori through pre-installed structural signals in the 
monomer; 2) synthesizing (14)--glucose branched PASs with lectin-binding acitivity; 
and 3) synthesizing (16)--glucose branched PASs with immunomodulatory acitivity.  
The second chapter describes the first synthesis of right-handed helical PASs with -
N-(12)-D-amide linkages by the anionic ring-opening polymerization of an altrose -
lactam monomer (Alt-lactam). The right-handed helical conformation is engineered into 
the polymer by pre-installing the  configuration of the lactam ring in the monomer via 
the stereospecific [2+2] cycloaddition of trichloroacetyl isocyanate with a D-glycal 
possessing a 3-benzyloxyl group oriented to the -face of the pyranose. The t-butylacetyl 
chloride initiated polymerization of Alt-lactam proceeds smoothly to afford stereoregular 
polymers with narrow dispersities. Birch reduction of the benzylated polymers gives 
water-soluble altrose PASs (Alt-PASs) in high yields without degradation of the polymer 
backbone. CD analysis indicates Alt-PASs adopt a right-handed helical conformation in 
aqueous solutions. This secondary conformation is stable over a wide range of different 
conditions, such as pH (2.0 to 12.0), temperature (5 to 75 °C), ionic salts (2.0 M LiCl,  
NaCl, and KCl), as well as in the presence of protein denaturants (4.0 M urea and 
guanidinium chloride).  
One disadvantage of the previous synthesized PASs is that these polymers display 




PASs cannot be recognized by the asialoglycoprotein on HepG2 cells, and Glc-PASs can 
only interact with Con A at high concentrations (1 mg/mL). We suspect that the weak 
interactions of PASs with lectins arise from the lack of sufficient terminal sugar residues. 
The strategy we employed to address this issue is to synthesize branched PASs by ring-
opening polymerization of disaccharide-based -lactam monomers. In chapter 3, we 
design and synthesize a new maltose-derived -lactam monomer (Mal-lactam), which 
upon ring-opening polymerization, affords a novel PAS possessing a pendant -D-
glucopyranose branch at each repeating unit. The ring-opening polymerization of the 
Mal-lactam proceedes readily to give high molecular weight polymers (up to 31500 
g/mol) with narrow dispersities (Đ <1.1). The deprotection reaction occurs smoothly 
without epimerization to give water-soluble stereoregular Mal-PASs, as confirmed by 
NMR, FT-IR, optical rotation, and MALDI-TOF mass spectrometry. CD analysis 
indicates that in aqueous solution Mal-PASs adopt a stable left-handed helical 
conformation. Turbidimetric assay reveals that these rigid Mal-PASs are able to cluster 
and aggregate Con A, in a length-dependent manner, due to the existence of multiple -
D-glucose branches. 
(16)--Glucose branched β-glucans have been extensively studied in the last three 
decades because they exhibit potent antitumor and immunostimulating activities while do 
not cause severe side effects. However, their molecular mechanism study and widespread 
clinical application are complicated by contamination, low solubility, batch-to-batch 
variations, as well as limited synthetic means to these biopolymers. The fourth chapter 




polymerization of a gentiobiose-based -lactam followed by deprotection. The 
copolymerization of Gen-lactam and Glc-lactam afford -(16)-D-glucose branched 
PASs with different branching frequencies. The novel PASs are water soluble and share 
many structural features with natural -glucans, such as having sterochemically definded 
pyranose backbones, possessing (16)--glucose branches, and adopting helical 
conformations in solution. Biological assays show that these (16)--glucose branched 
PASs are able to stimulate macrophages by inducing the secretions of TNF-α, IL-6, and 
NO in a branching frequency- and dose-dependent manner, with the 30% branched PAS 
being most effective. MTS proliferation assays reveal that these (16)--glucose 
branched PASs are non-cytotoxic to RAW264.7 cells and HepG2 tumor cells, but exhibit 
selective cytotoxicity against suspended Sarcoma-180 cells. The current study shows that 
(16)--glucose branched PASs have potential utility as potent biological response 
modifiers for cancer treatment and also as standard anti-cancer therapy. 
The anionic ring-opening polymerization of sugar-based -lactams is a versatile 
method to well-defined stereoregular polysaccharide mimetics, and this method expands 
the current repertory of approaches available to include those saccharide polymers 
possessing rigid and steroregular backbones as well as linear or branched polymer 
architectures.  
5.2 Outlook and Future Directions 
Synthetic polysaccharides and polysaccharide mimetics represent a type of 




exquisite control over the polymer structure, the molecular weight, and linkages, allowing 
for the tailoring of the material properties and functions at the monomer level.  
Results obtained from this work has demonstrated that maltose-based branched PASs 
are able to function as multivalent ligands to Con A, and that chain lengths have an 
significant effect on the binding kinetics as high Mn PAS provides the most terminal 
sugars and enough length to span different binding sites of Con A. Previous studies of 
glycopolymer showed that the epitope density and relative spatial orientations of the 
sugar residue of a multivalent ligand also affect its binding with lectins, but due to time 
restrictions this was not investigated further. Additional investigation is therefore 
required in order to examine the effect of sugar residue density on polymer function. A 
possible solution lies in the synthesis of -(14)-D-glucose branched PASs via the 
copolymerization of Mal-lactam and Glc-lactam. Varying the feed ratios of these two 
monomers would allow the synthesis of copolymers with adjustable epitope density and 
the steric bulk along the polymer backbone. It would also be interesting to synthesize a 
glucose glycopolymer with a flexible backbone by either controlled radical 
polymerization or ring-opening metathesis polymerization. Comparison of the Con A-
binding ability of the flexible polymer with our rigid Mal-PASs would allow us to study 
the influence of polymer backbone rigidity on the binding behaviour. It would also be 
beneficial to use other methods and techniques to study the interaction of Mal-PASs with 
Con A, such as quantitative precipitation assay, hemagglutination assay, and isothermal 




Our study showed that the (16)--glucose branched PASs exhibit potent 
immunomodulatory activity and selective cytotoxicity to tumor cells. To explore the 
potential utility of these materials as immunomodulators for cancer treatment, additional 
analysis is therefore required in order to determine the in vivo anti-tumor effect of these 
(16)--glucose branched PASs using a Sarcoma-180 implanted mice model. It would 
also be interesting to study the receptors involved in the macrophage activation by 
(16)--glucose branched PASs. Thus, measuring the cytokine- and NO-inducing 
activity of PASs in presence of various anti-PRR antibodies for Dectin-1, TLR-2, TLR-4, 
and CR3 receptors would provide such insight. Further investigations on the mechanisms 
by which these polymers induce the immumomodulatory and direct antitumor effects will 
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